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When conducting polymers were discovered, their use as low-cost electrocatalysts was 
investigated, but their low conductivity, poor environmental stability and poor solution 
processibility limit their possible applications. However, with impressive mechanical and 
electronic properties of carbon nanomaterials (such as graphene and carbon nanotubes), 
remarkable contributions have been made by researchers to fabricate conducting polymers 
composites by introducing carbon nanomaterials, especially carbon nanotubes into conducting 
polymers so as to combine synergistically the merits of individual components. One of the 
major key areas in biosensor field is the enhancement of electrochemical properties of 
composite material to make them suitable for use as an active sensing layer during sensor 
fabrication. Various techniques and methods have been employed when using these composite 
materials as a sensing layer in fabricating biosensor but the majority of these techniques rely 
on expensive equipment and complicated processes which would limit the sensor stability and 
reliability.  
In this work, a novel, low-cost and high performance electrochemical biosensor prototype for 
selective determination and amperometric detection of tetracycline hydrochloride (THC) 
antibiotics in aqueous media has been developed. This is based on conducting polymer 
composites containing functionalised carbon nanotubes and prepared using a unique analytical 
amperometry method. Tetracycline was selected as the target analyte because it is one of the 
antibiotics most commonly used to treat infections in both human and animals and its residues 
in water and food products have become a global problem. Amperometry technique is adopted 
in this work to eliminate cost and complicated process that comes with other techniques so as 
to achieve highly sensitive and reproducible electroanalytical response. Also, important 
drawbacks like electrode fouling and high potential value associated with other techniques have 
been successfully eliminated using amperometric detection technique (amperometric i-t curve). 
Polyaniline (PANI), a conjugated polymer, was adopted as the sensing layer for amperometric 
detection of tetracycline by using its excellent electrochemical sensing properties. A new 
method of synthesis of the material was first developed to resolve the problem of polyaniline’s 
poor processibility. Polyaniline was synthesised at room temperature via organic/aqueous 
interfacial polymerization to yield uniform, pure and template-free nanostructured polyaniline 
in bulk quantities, which is readily dispersed in water, invariably facilitating environmentally 
friendly processing and superior performance in chemical sensor applications. Subsequently, a 
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polyaniline-based composite containing multiwalled carbon nanotubes (MWCNTs) was 
developed. Multiwalled carbon nanotubes were functionalised before the composite was 
formed so as to get a good stable dispersion of filler within the polymer matrix. Such a 
fabricated composite material was in a powder form which was characterised by a number of 
techniques including DC-conductivity measurement, thermal analysis, Fourier transform 
infrared spectroscopy, scanning electron microscopy, ultraviolet–visible spectroscopy, cyclic 
voltammetry and amperometric detection test, etc. Characterisation results show that the 
molecular weight, crystallinity, thermal stability and electrical conductivity of the fabricated 
polyaniline powder as well as the composite material were independent of the polymerisation 
temperature. Furthermore, the experimental result demonstrates that the composite shows 
dramatically improved performance compared to each of the individual components. Increase 
in electrical conductivity with the increase of carbon nanotube contents in the composite was 
observed, although the composite performance became poorer at higher loading content of 
carbon nanotubes.  
Electrical conductive thin films were first prepared from the composite material to investigate 
their redox potentials and electrochemical properties. The composite was further tested for its 
potential applications in detecting antibiotics in aqueous media. A prototype of biosensor was 
fabricated by drop casting the composite solution in m-cresol on a glass carbon electrode at 
room temperature. M-cresol was used as the processing solvent as compared to other 
processing solvents based on the findings in published literature. Moreover, carboxylated 
multiwall carbon nanotubes played an important role in obtaining the thin and uniform coating 
of polyaniline resulting in the improved amperometric sensor response. The performance of 
the sensor was characterized electrochemically and all variables involved during fabrication 
process were optimized. Under optimal conditions, the synergistic properties of 
PANI/MWCNTs nanocomposite such as the ion-electron transducing capability, hydrophobic 
property and active tetracycline binding sites in polyaniline demonstrated high sensitivity, 
excellent detection limit, high electrochemical redox activity, fast response time, good 
biocompatibility and stability up to 20 days.  
This research work has contributed to the development of highly sensitive and stale biosensor 
to detect antibiotics in fish farm water spiked with tetracycline. The great potential of this 
development was fully demonstrated using PANI/F-MWCNT nanocomposite through a fast, 
unique and easy to use analytical method (Amperometry technique). Interfacial polymerisation 
makes it possible to improve the porosity of the polymer, and the fabricated nanocomposite 
thin film is sufficiently stable under the experimental condition. The GCE electrode modified 
5 
 
with the nanocomposite thin film was able to detect antibiotics in the fish farm water due to 
hydrophobic property of F-MWCNT and active redox activity of PANI. It is believed that these 
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1.1 Biosensors, Conducting polymers & Nanomaterials 
 
Since antibiotics were introduced into medicine in 1940s, they have been adopted into 
healthcare and livestock farming globally (1). From the list of antibiotics available, tetracycline 
hydrochloride (THC) is the most attractive due to its unique significance with regards to health 
and environmental issues. It is an inexpensive antibiotics, which have been used extensively in 
therapy of human and animal infections and also at sub therapeutic levels in animal feed as 
growth promoters (2). Main sources for release of antibiotics in the environment are from 
medical and animal husbandry. The medical sources could be from antibiotic residues in 
facilities, discarded antibiotics in hospitals, discharged prescription and antibiotics from 
patient’s urine. Animal sources include residues from used drugs, residues from animal urine 
or faeces especially those that had sub-therapeutic doses over long term feeding. Another major 
source of antibiotics residues in husbandry are from untreated animal manures (agricultural 
organic fertilizer). Considering recent increase in livestock feed, tetracycline hydrochloride, 
penicillin, macrolides are most commonly used antibiotics additives in livestock farming and 
aquaculture but tetracycline is the most widely used (3). New data published on Friday 14 
October 2018 by the European Medicines Agency (EMA) reveals that many European 
countries are failing to put an end to massive overuse of antibiotics in farming while the use of 
antibiotics in Europe remains more than twice as high in animals as in humans (4). Large-scale 
use of this drug especially in veterinary medicine leads to its build-up in food products such as 
honey, milk and meat thereby impacting the lifespan and health of animals. Human exposure 
to low levels of antibiotics such as tetracycline leads to allergic symptoms, vision problems as 
well as teeth discoloration. Putting these concerns into consideration, it is essential to develop 
materials (nanomaterials & conducting polymers) with excellent chemical or electronic 
properties that could be exploited for biological or chemical sensing applications for antibiotics 
especially to detect low levels tetracycline in the environment. For example, oxytetracycline 
remains non-degradable for about ten months when it is absorbed on farmland sediments and 
soils (5). To safeguard human health, the European Union has set safe maximum residue limit 
(MRL) for residues of veterinary drugs entering the human food chain. The MRL of THC in 
milk for example is 100 µg/kg (6). 
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Nanomaterials are natural materials with dimensions being in the sub 100 nm range. Concepts 
from nanotechnology and nanomaterials have been employed in biosensor development. 
Nanomaterials have unique properties compared to the parent bulk materials. The most 
remarkable transformation seen by technology industries in the past few years is the rise in 
nanotechnology from a laboratory novelty to a multi-million dollar industry (7). Beyond every 
doubt, nanotechnology is still having an enormous impact on science and technology. In the 
field of materials science, the general agreement is that nanomaterials exhibit new and unique 
properties when scaled down from bulk materials to nanometre scale. These unique properties 
are attributed to high surface area per unit weight of the material, their electrical, mechanical, 
optical and catalytic properties. Fine-tuning these unique properties allows the fabrication of 
defined materials and structures which are optimized for different type of purpose like detecting 
environmental contaminants and toxins as well as their remediation. 
Application of nanomaterials for biosensor designs comes with challenges of defining the 
materials properties, consistent synthesis of materials with required properties. There are broad 
categories of approach towards fabricating electrochemical nanobiosensors and the most 
relevant to this thesis is the modification of an electrode with nanomaterials which will translate 
to a unique sensing electrode modified with nanomaterials. Prominent nanomaterials like metal 
nanoparticles, carbon nanotubes and quantum dots can potentially be employed in bio sensors 
applications, but the most diverse with wide range of different applications is carbon nanotubes 
(CNTs).  
Carbon nanotubes have gained momentum due to their chemical stability, high surface area 
and good chemical/electrical properties. They have been used as batteries, nanoelectronic 
devices and quantum wires (8). They can be employed to promote electron transfer between an 
electrode and the electroactive species which is very novel in fabricating biosensor (9). 
Combining carbon nanotubes with polymeric materials such as conducting polymer, not only 
improves the properties of each component material with high synergistic effect, but also 
incorporates bio recognition elements into its porous structures (10).  
Conducting polymers are very attractive to researchers when fabricating biosensors due to their 
conjugated π-electron backbones in their chemical composition which enhance their 
electrochemical properties like high electrical conductivity, low ionisation potential and high 
electronic affinity (11). Polyaniline is unique among the class of conducting polymers due to 
its three redox forms (pernigraniline, leucoemeraldine and emeraldine). It is the first 
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conducting polymer to be commercialised and has been applied for use in biosensors and 
batteries (12). It is very effective in acting as a mediator for electron transfer in redox reaction 
which eventually improves the performance of biosensors.  
This research work is focused on the development of composite materials containing 
conducting polymer (PANI) and carbon nanomaterials (MWCNTs & Graphene) and 
investigate their potential applications for fabricating electrochemical biosensor for sensitive 
and selective determination of tetracycline hydrochloride (THC) antibiotics using 
amperometric i-t curve method. Presently, various analytical methods such as high 
performance liquid chromatography (HPLC) method (13), capillary electrophoresis (14), mass 
spectrometry (15) with the exception of amperometric i-t curve methods have been developed 
to detect antibiotics in aqueous medium. Amperometric i-t curve method is a sensory process 
where changes in current are measured. The migrating ions are subjected to a potential 
difference, and the generated current is measured. It is based on electrochemical cell that 
consists of a working electrode, reference electrode and a counter electrode which are in 
connection through an electrolyte phase. Although the other methods are sensitive and reliable, 
but drawbacks like expensive instrumentation, complicated pre-treatment procedure, long 
times of analysis and fouling of the electrode surface by the products of the electrochemical 
reaction limit their application for real time detection (16). Fabricating the unique composite 
of PANI-MWCNTs using amperometric it-curve technique will be an improvement to 
previously reported methods as regards to antibiotic detection in aqueous solution. Although 
analytical extraction procedures for determining antibiotics residues concentrations in solid are 
available in some literature, this work will focus on determination of antibiotics in aqueous 
medium. The fabricated composite will obtain excellent properties that come from the 
synergetic effects of the component materials for overall improvement of the sensitivity, 
selectivity, limit of detection and reproducibility of the electrochemical measurements. Glass 
carbon electrode would be used against the conventional gold electrode so as to avoid fouling 
and enhance sensitivity. This is because glassy carbon electrode has very slow electron transfer 
kinetics for most inner sphere processes (e.g. redox of many analytes and interferences), 
especially if it is clean and has very little oxygen functionality. Therefore, when the surface of 
glassy carbon electrode is successfully modified the electrode gives outstanding 
electrochemical performance as compared to gold electrode. Also the lack of electrochemistry 
occurring at the glassy carbon electrode is also important because it is much less likely to 
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interact with interferences than a gold electrode substrate. The proposed method in this work 
is easy, inexpensive and less time consuming. 
 
1.2  Research aim and objectives 
 
This research is focused on the preparation of polyaniline conducting polymeric particles using 
organic/aqueous interfacial polymerization method, investigating the physical and chemical 
properties of the material with and without composite of carbon nanomaterials, and the 
application of the composite to bio-sensor field. Within the framework of the main research 
aims are the following specific objectives: 
 Develop doped polyaniline nanostructure by carbon nanomaterials as a composite; 
 Investigate the structure, physical, electrochemical, electrical and sensing properties of 
the composite material and develop in-depth understanding of the concepts, principles 
and technological aspects involved; 
 Fabricate electrical conductive thin films using the composite material; 
 Explore the application of the thin films in the development of sensing prototype device 
for detecting antibiotic (i.e. tetracycline hydrochloride) in water and/or bio-fluid. 
The main objective of this project is to design and develop a stable, simple, low-cost and 
sensitive conducting polymer/carbon nanotubes biosensor for sensitive and selective detection 
of tetracycline hydrochloride antibiotics in water and/or bio-fluid in very low concentrations.  
MWCNTs conductivity and high surface area in the fabricated composite will boost the redox 
properties of conducting polymer such as PANI. Also, the synergistic properties of this 
nanocomposite such as high conductivity and large specific surface area of MWCNTs will 
facilitate improvement of electrical and electrochemical properties of its composites with PANI 
and will further facilitate electron transfer between the redox centre and the electrode surface 
as well as keep the bioactivity of the immobilized biomolecules. Additionally, MWCNTs are 
novel materials for adsorption of analytical molecules thereby making them promising as an 
immobilisation substance. By exploring MWCNTs in the composites, the resulted fabricated 
sensor is expected to present good adsorption properties, as well as high sensitivity, low 
detection limit, and good stability. The simplicity and inexpensive procedure to detect 
antibiotics in this work could be extended for developing other carbon nanotubes based sensors 




1.3 Thesis structure 
 
The structure of this thesis is as follows: 
Chapter 1 is a general introduction of the current use of antibiotics, why tetracycline should 
be detected, basic understanding on nanomaterials and their possible use as a composite with 
polyaniline. Further details of why PANI-MWCNTs was chosen as the desired hybrid 
composites and the reasons of choosing electrochemical amperometric technique from the list 
of available techniques were discussed. Finally the overall research specific objectives and 
aims were presented. 
Chapter 2 is a comprehensive literature review on the applications of conjugated polymer 
based composites in sensors and electrocatalysts. It shows the application of conducting 
polymer in electrocatalysis and their limitations. Detailed review on electroactive materials, 
conducting polymers, polyaniline, carbon nanomaterials and the use of these remarkable 
materials as a hybrid composite for sensing application is also highlighted. 
Chapter 3 gives brief description of the fabrication technique that was employed in this work. 
Comprehensive explanation on materials characterisation, equipment as well as 
electrochemical measurements that were used in this work was given. This was necessary for 
a better understanding of the working mechanism and device operation.  
Chapter 4 describes the fabrication of doped polyaniline nanofiber made by interfacial 
polymerisation approach. The focus on this chapter was to fabricate uniform, pure and 
template-free polyaniline nanostructured powder in bulk quantities. Different material 
characterisation methods were used to study the working mechanism of the polyaniline powder. 
Chapter 5 describes the fabrication of doped PANI/MWCNTs composite powder. Carbon 
nanotubes were functionalised before use so as to get a good stable dispersion of filler within 
the polymer matrix. The composite based sample was compared with pure PANI sample by 
different characterisation techniques in order to determine if there was enhancement in 
electrochemical properties on the materials as compared to those of the individual components. 
The results show that the composite based sample has significantly enhanced electrochemical 




Chapter 6 was about the development of a composite thin film on fluorine-doped tin oxide 
(FTO) coated glass substrate for electrochemical sensor application. In this section, 
PANI/MWCNTs in m-cresol solvent was used as the model solution using drop-casting 
method. Cyclic voltamogramm measurements were used to propose an optimum amount of the 
composite film for the best electrochemical properties.  
Chapter 7 describes the fabrication of PANI/MWCNTs nanocomposites as electrocatalysts for 
tetracycline detection in aqueous media. The composite was simply mixed with m-cresol 
solvent which was drop casted as an active layer in the electrode. Detailed study on the role of 
MWCNTs in composite as an improvement to interfacial electronic properties and its 
drawbacks especially at higher loading in the composite was illustrated. The synergistic effect 
between the two component materials was demonstrated. Based on the experimental result, it 
is concluded that this composite has a high potential to act as an efficient and affordable 
electrocatalyst in biosensors. 
Chapter 8 presents the concluding part of the thesis which illustrates major findings and the 
development in electrochemical sensor field. Future work on how this work could be improved 
















2 LITERATURE REVIEW 
 
2.1 Organic electronics materials 
 
This branch of modern electroactive materials deals with organic materials, polymers or small 
molecules that show good electronic properties such as conductivity (17). Electrical conduction 
in organic materials was first discovered in 1862 by Letheby when he obtained a partly 
conductive material by anodic oxidation of aniline in sulfuric acid. Also in 1970s Heeger, 
MacDiarmid, and Shirakawa discovered that polyacetylene polymer could be made conductive 
after certain modifications (18). These materials have found a number of potential applications 
for use in electronic circuits, biological sensors, lasers and fuel cells (19). Their molecular 
design flexibility and synthesis created the avenue to adjust their structure and physical 
properties to meet technologically significant requirements for various applications. Cheap 
deposition methods like drop casting and spin-coating have been reported for depositing 
solution-soluble electroactive organic materials, these unique advantage makes them attractive 
for low-cost applications. The basis for the future of organic electronics material was 
established by the discovery of these electrically conductive polymers which help to change 
the view of researchers on polymer materials that was initially assumed to be non-conductive. 
Organic conductive materials can be grouped into two main classes: conductive polymers and 
conductive molecular solids & salts, but for the purpose of this thesis, focus would be on 
conductive polymers which are typically intrinsically conductive or at least semiconductors.  
Semiconductors are materials that are intermediate between conductors and isolators. They 
become more conductive with an increase in temperature due to their band structure. According 
to the band theory, semiconductors will actually act as insulators at absolute zero. Above this 
temperature and yet still staying below the melting point of the solid, the metal would act as a 
semiconductor (section 2.1.1, 2.1.2, 2.1.3). They do not have a partially filled band, they just 
have an empty conduction band with a filled valence band at absolute zero temperature. 






2.1.1 Intrinsic semiconductors 
 
Intrinsic semiconductors are extremely pure semiconductor which existed without any form of 
defects and impurities. It has a completely filled valence band with empty conduction band. 
With increasing temperature that supplies energy to it, some of the electrons in the valence 
band jump to conduction band, which leaves holes in the valence band. The holes that are left 
in the valence band and the electrons that jumped to the conduction band contribute to the 
electrical conductivity of these classes of semiconductors. A typical example of intrinsic 








Fig. 2.1 Schematic band structure diagram of an intrinsic semiconductor. 
 
The number of electrons jumping the gap depends on the temperature and the specific intrinsic 
material. For each of the electrons that jumped to the conduction band, a hole is left behind. 
This means that equal number of electrons and holes in the material existed. The higher the 
temperature, the more electrons present in the conduction band. The migrated electrons in the 
conduction band and the holes that were left behind in the valence band are very important and 
they are directly linked to conductivity.  
The conductivity σ of an intrinsic semiconductor is σ = e.μe.Ne+e.μh.Nh                        (2.1) 
Where e is the charge of an electron, Ne is the number of electrons, Nh is the number of holes, 
µe is the motilities of electrons and µh is the motilities of holes (20). 
The conductivity of an intrinsic semiconductor is also related to band gap energy which 
depends on the material but vary with temperature. The band gap energy Egap can be 
illustrated as      Egap = Egap0  ̶  
 −𝜉𝑇2
 𝑇+𝜃𝐷
                                                                                      (2.2) 
Free Electrons 
Holes 




Egap0 is the band gap energy at 0K, 𝜉 is a constant, T is the temperature, and θD is the Debye 
temperature which is material dependent (20). 
 
2.1.2 Extrinsic semiconductors 
 
Extrinsic semiconductors are materials to which an impurity at controlled rate is introduced 
into its crystal lattice. The impurities added will enhance the electrical properties of the material 
so as to increase the conductivity. The process of adding impurities to enhance the conductivity 
of an extrinsic semiconductor is doping. These impurities are called dopant and they existed as 
a donor or acceptor. Example of donor elements in extrinsic semiconductors is phosphorus and 
acceptor elements in extrinsic semiconductor is aluminium. When a semiconductor is doped 
with an atom that can accept electrons, it is referred to as p-type semiconductor because it uses 
the holes in the lattice to increase its conductivity. On the other hand, when a semiconductor is 
doped with an atom that can donate electrons it is referred to as n-type semiconductor because 
it uses the electrons that were donated to increase its conductivity. Both p-type and n-type 
semiconductors are temperature dependent with reference to their carrier mobility, fermi levels 
and electrical conductivities. 
An n-type semiconductor has donor dopants introduced to its crystal lattice. When a donor 
dopant is introduced to the semiconductor, they occupy discrete levels in the band gap near the 
conduction band. In principle, the donated electrons will need a little energy increment to jump 
into the conduction band so as to increase conductivity. Therefore, increasing doping in an n-


















Fig. 2.2 Band structure diagram of an extrinsic n-type semiconductor showing electron jumping 
from the valence band (Ev) to the conduction band (Ec) 
 
Fig. 2.2 illustrates n-type semiconductor at room temperature. The conduction band is Ec, 
valence band is Ev, donor level is ED and Fermi level is EF. The electrons below Ev shows that 
many more intrinsic carriers are available in the valance band waiting to migrate to the 
conduction band because a minimal amount of intrinsic carriers migrate from the valence band. 
A P-type semiconductor has acceptor dopants introduced to its crystal lattice. When acceptor 
dopants are introduced to the semiconductor, they occupy discrete levels in the band gap just 
above the top of the valence band to form acceptor level. This implies that electron in the 
valence band can jump to the newly created acceptor level to create a covalent bond. Bands are 
not formed in the acceptor level due to small amount of acceptor present and this implies that 
electrons in the acceptor levels cannot contribute to conduction. The holes that were left behind 
in the valence band can move around thereby increase the conductivity. The conductivity 
increases as the doping increases which invariably creates more acceptor states with more free 






















Fig. 2.3 Band structure diagram of an extrinsic p-type semiconductor showing electron jumping 
from the valence band (Ev) to the conduction band (Ec). The holes represent the electrons 
leaving the valence band. 
 
Fig. 2.3 illustrates n-type semiconductor at room temperature. The conduction band is Ec, 
Valence band is Ev, acceptor level is EA and Fermi level is EF. From the illustration, there are 
more holes in the valance band compared to the electrons because the holes are major carriers. 
The conductivity and carrier concentration of an extrinsic semiconductor is temperature 
dependent because the population of holes in the valence band of a p-type semiconductor and 
the population of electrons in the conduction band of an n-type semiconductor are thermally 
promoted. When the temperature is low, only a limited number of electrons can make the 
transition because the small gap between the valence (conduction) band and acceptor (donor) 
level is relatively large. But when the temperature increases, the thermally excited electrons 
increase in number when the concentration of carriers and the conductivity of the material 
increase. This state is referred to as “extrinsic” state of a semiconductor (21).  At a certain level 
when the temperature increases, all the electrons in the acceptor or donor level will be thermally 
promoted to the valence or conduction band respectively and the maximum value of the 
concentration of extrinsic carriers would have been attained. At this stage, with a further rise 
in temperature due to the mobility effect, there would be gradual decrease in conductivity 
because carrier concentration is independent of temperature. This state is referred to as the 










2.1.3 Qualitative band theory 
 
When solids, metals, semiconductors made of an infinite number of atoms are formed, it is 
imperative to consider the structure of the solid as a whole rather than consider each atom 
individually. This provides the premise to substantiate their unique chemical and physical 
properties. Molecular orbital theory will help in understanding the properties in detail. In the 
molecular orbital theory of diatomic molecules, the assumption was that if atoms were brought 
together, different energies of bonding, non-bonding and antibonding orbitals would be 
formed. The basis of these theory is that, for (N) atomic orbitals in a molecule, (N) molecular 
orbitals must be the outcome i.e. if atomic orbital of atom A overlaps with atomic orbital of 
atom B, it would form two molecular orbitals: bonding and antibonding which is separated by 
a certain energy. If the number of atoms increases to three (A, B and C) and 1 atomic orbital is 
assumed for each, then it would result in 3 molecular orbitals: bonding, non-bonding and anti-
bonding. If it increases to 10, it would result in 10 molecular orbitals: 5 bonding and 5 anti-
bonding but on the other hand, for every increase of the molecular orbitals, the difference in 
energy between the highest antibonding and lowest bonding increases, while the space between 
each individual orbital decreases. If this trend continues, a spacing maximum will be reached 
between the highest antibonding and lowest bonding orbitals resulting in the spacing between 
them tightly filled. This illustration could simply be applied to metal with infinite number of 
atoms which produces quite number of molecular orbitals so tightly packed that they bind into 
















Fig. 2.4 Schematic diagram shows the electron configuration in the molecular orbitals of 
diatomic molecules. 
 
Describing the molecular orbitals of certain materials as bands makes it easier to understand 
the properties of metals, insulators and semiconductors. The band made up of the occupied 
molecular orbitals is referred to as the valence band but the energy is lower compared to the 
conduction band. When valence band get heated, its electrons jump across the band gap to the 
conduction band which eventually makes the material conductive. The band of orbitals that is 
high in energy and is generally empty is referred to as the conduction band. This is the band 
that accepts electrons from the valence band in reference to semiconductors conductivity. 
When all the electrons occupy the lowest available energy state, the energy in-between the 
highest occupied and the lowest unoccupied state at absolute zero temperature 0 K is referred 
to as the Fermi Level (22). In reference to metal, there are many states available to accept 
electrons but this is not the case with insulators and semiconductors because the valence and 
conduction bands are separated. This is the reason why the Fermi-Level in both insulators and 
semiconductors are located in the band gap. Insulators have very low electrical conductivity 
but the conductivity increase with an increase in temperature when measured. In general, 
Insulators have big band gap between the valence band and the conduction band. In Semi-
conducting materials, as the temperature increases, the electrical conductivity increases. The 
band gap in Semi-conductors is smaller compared to that of insulators. Their conductivity 
increases due to the small gap between the valence and conduction band, which makes it easier 
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completely empty electron bands at 0K. Consequently they are poor electrical conductors at 












































































The resistance to the flow of an electric current is referred to as resistivity of materials although 
some materials resist the flow of current more than others. Electrical resistance is measured in 
Ohms, derived from the Greek letter Omega, Ω. Cables and wires typically have very low 
values of resistance (less than 0.1Ω) and are referred to as conductors while plastics generally 
have very high values of resistance (greater than 50MΩ) and are referred to as Insulators.  
However, factors like temperature, length, material type as well as cross-sectional area 
determine the electrical resistance of a material. i.e., a cable (conductor) with cross-sectional 







Fig. 2.6 Schematic diagram showing electrical resistance, R of a simple conductor. 
 
Ohms law states that for a given resistance R, the current flowing through the conductor is 
proportional to the applied voltage (I = V/R), therefore the electrical resistance R of the above 
single conductor is a function of its length, L and the conductors area, A. Therefore, Conductors 
resistance R is directly proportional to length L (R ∝ L) and inversely proportional to its area 
A, (R ∝ 1/A). Thus proportionality of Resistance could be correctly written R ∝ 
𝐿
𝐴
                                                                                                        
Although the length and conductor area of a conductor are two major parameters in determining 
the electrical resistance of a conductor, the actual material from which the conductor is made 
also plays a key role because conductive materials like aluminium, copper and silver etc. all 
have different electrical and physical properties. For this reason, adding a “proportional 
constant” into the above equation will convert the proportionality sign (∝) into an equals sign.  
Electrical Resistance R = 𝜌 (
𝐿
𝐴
) Ω                                              (2.3) 






Where: R is the resistance in ohms (Ω), L is the length in metres (m), A is the area in square 
metres (m2) and proportional constant ρ (“rho”) is known as Resistivity (23).  
How strongly a material opposes the flow of electric current is a measure of its resistivity. 
Resistivity factor makes it possible to compare the resistance of different types of conductors 
at a particular temperature with reference to their physical properties not putting into 
consideration their cross-sectional areas or lengths. Therefore the higher the resistivity value 
of ρ the more resistance (23).  Resistivity, ρ has the dimensions of ohms metre, Ωm and for a 




 = (𝑂ℎ𝑚𝑠 × 𝑚𝑒𝑡𝑒𝑟𝑠2)/𝑚𝑒𝑡𝑒𝑟𝑠   = Ωm                                                             (2.4) 
Conductivity refers to the ease at which electric current can flow through a material. While 
conductors’ resistance opposes the flow of electric current while conductance of a conductor 
shows ease by which electric current can flow. Thus, Conductance (G) is the reciprocal of 
resistance (1/R) and the unit of conductance is Siemens (S) with symbol (mho, ℧). Conductivity 
(σ) is the reciprocal of the resistivity. That is 1/ρ and is measured in Siemens per metre (S/m).  
Electrical Conductivity σ = 1/ρ                                                                       (2.5) 
 
2.2 Conducting polymers 
 
The initial belief was that polymers cannot act as conductors and their in-ability to carry 
electricity differentiates them from metals and semiconductors (24). They are generally used 
as insulating and structural materials in packaging etc. After the discovery made by Heeger and 
co-workers in 1977, the breakthrough happened with a discovery that plastics which are 
generally referred to as insulators can, under certain circumstances, be made to behave like 
metals. These class of polymers are referred to as conductive polymers and have been used as 
pressure sensors, electrochemical sensors, strain sensors, photovoltaic devices and many other 
type of applications (24). They have gathered great interest in academia and industry in the last 
few decades. They provide avenue to combine electrical properties of semiconductors and that 
of metals with advantages of conventional polymers such as low cost of preparation and 
fabrication. Un-doped semiconductors are intrinsically conducting with reference to 
semiconductor in physics while doped semiconductors are extrinsically conducting. In contrast, 
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doped polymers are intrinsically conducting polymers, this was because it is important to 
distinguish them from polymers that are loaded with conducting particles to acquire 
conductivity. Conjugated π-system is the main structural characteristic of ICPs because it 
allows electrons flow through its delocalized pathway (25) 
Conjugated polymers or intrinsically conductive polymers are class of polymers that can 
conduct electricity because of the presence of alternating single (σ) and double bonds (π) along 
the polymer chain, these class of polymers are sometimes regarded as semiconductors or even 
sometimes conductors due to their electron-transport characteristics (26). In 1977, Heeger, 
MacDiarmid and co-workers discovered that polyacetylene, (CH)x, commonly referred to as 
the prototype conducting polymer, could be chemically p- doped or electrochemically n-doped 
to become a conductor (27). This doping process promotes the formation of Polarons 
(cations/anions) or Bipolarons (dications/dianions) in the backbone of the polymer, while 
solutions with counter-ions gets into the polymer to counterbalance the charge (25).  
 
                      
 
Fig. 2.7 Chemical structures of some selected intrinsically conducting polymers. 
 
When electrons move out of the valence band through p-doping process, they leave behind 
positively charged holes but negative charged holes are generated when electrons are injected 
to the conduction band through the n-doping process. In all cases, the electronic charge needs 
to be counter balanced with opposite charged ions and ICPs conductivity increases with 
increasing doping process. Polyacetylene is not the only polymer that can undergo redox 
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doping process, different kinds of polymers like Polyaniline (PANI), Polypyrrole (PPy), 
Polythiophene (PTh), Poly (ethylenedioxythiophene) (PEDOT) etc. and their ring- and N-
substituted derivatives can also undergo redox p-doping and/or n-doping (21,28). Their 
conductivity can reach as high as ~105 S/m, the value being about ~ 10-10 S/m for traditional 
polymers.  
 
2.2.1 Concept of doping. 
 
The unique properties that distinguish intrinsically conducting polymers (ICPs) from all other 
class of polymers is the concept of doping. Doping does not essentially involve any specific 
mechanism rather is it a phenomenological based concept. In conducting polymers, a dopant is 
a foreign atom in small quantity which remarkably changes the optical, electronic or structural 
properties of the polymer in order to achieve an increase in conductivity. All conducting 
polymers are partial reduction (“n-doping”) or partial oxidation (“p-doping”) of the conjugate 
polymer backbone (29). The number of electrons connecting with the polymer backbone 
changes during the process. The backbone of the conducting polymer consists of a delocalized 
π system in the “doped” state but consists conjugated or non-conjugated backbone in the 
“Undoped” state just as found in polyaniline leucoemeraldine base insulators or 
semiconductors in their neutral forms and they can exist in nonconductive form (non-doped 
polymer) and conductive form (doped polymer) (30). N-type semiconductors are produced 
when Impurity atoms with 5 valence electrons are introduced thereby contributing extra 
electrons but p-type semiconductors are produced when Impurity atoms with 3 valence 
electrons are introduced thereby producing a "hole" or electron deficiency. It should be noted 
that the chemical nature of the original polymer backbone does not change, either a polymer is 
doped or de-doped because doping is a reversible processes. Doping and de-doping of 
polymeric materials could be carried out electrochemically or chemically and conductivity of 
both doped and un-doped form of polymer could be achieved by systematically adjusting the 
doping level. Doping of organic polymer to increase conductivity is technically similar to the 
doping of inorganic semiconductor, but the difference is that the doping of an organic polymer 
involves partial oxidation or reduction of the polymer and each oxidation state exhibits its own 
characteristic reduction potential. The dopant atoms incorporated may be completely unrelated 
or derived from the chemical dopant species.  Two common method of doping are redox and 




 Redox doping 
 
The most extensively investigated conducting polymer is polyacetylene and it is usually 
referred to as the conducting polymer prototype among other conjugated polymer capable of 
redox doping processes (31). However, self-doped PANI as a member of the conjugated 
polymer is also capable of undergoing redox process and will be used to exemplify the basic 
concepts involved. These concepts are applicable with suitable modifications as necessary to 
other conjugated polymers. Solution anion transport accompanied the oxidation and reduction 
of PANI and its analogues. Anionic group presence in structure of a self-doped polyaniline has 
a decisive effect on the anion binding during the electron transfer. This has lead researchers to 
study anion movement between PANI and its self-doped derivatives (sulfonated polyaniline) 
so as to evaluate their differences. Probe beam deflection and electrochemical quartz crystal 
microgravimetry has been used to study ion exchange mechanism for PANI and its self-doped 
derivatives prepared by the direct sulfonation of PANI (32,33). It was found that during 
electrochemical oxidation of PANI at pH>2, the first-oxidation process involves the movement 
of anions into the polymer film, but both protons and aninons are removed from the film in the 
second step. In contrast to this, only protons get removed in the first and the second-oxidation 
step during probe beam deflection (32). The same technique was used for self-doped 
polyaniline and findings shows that at pH 1, protons are removed in both oxidation processes, 
followed by a flow of water into the sulfonated polyaniline film (33). 
 
 None redox doping 
 
Recently, non-redox doping process that does not involves adding or removing of  electrons 
from the polymer backbone has been reported (34). In non-redox doping process, the 
conjugated polymer energy level are re-arranged without changes in the number of associated 
electrons (35). Since there is no electron transfer in and out of the conjugated polymer, the 
doping is referred to as neutral doping. None-redox doping is usually preferred to doping a 
form of polyaniline (emeraldine base). In this circumstance, the resulting PANI salt is due to 
protonated positively charged polyaniline combining with the counter anion of the 
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corresponding acid. This protonic acid doping process has further been extended to poly 




Fig. 2.8 Schematic diagram showing doping and over doping processes of polyaniline and 
formation of the bipolaron and polaron segments (44). 
 
 
2.2.2 Solitons, Polarons, Bipolarons and Band structures of intrinsically conducting 
polymers. 
 
The increase in conductivity that occurs after doping intrinsically conducting polymers was 
thought to have originated from the formation of unfilled electronic bands. However, this was 
disputed by the discovery that poly-paraphenelene (36) and polyacetylene (37) shows 
conductivity that is not related to unpaired electrons but are related with spinless charge 
carriers. It was however discovered that the increase in conductivities realized by doping these 
polymers are related with formations of self-localized excitations (38) such as polarons, 
bipolarons and Solitons. Thus, charge carrying species in doped conducting polymers are not 
free electrons like that of inorganic conductors but quasi-particles like polarons, bipolarons and 
solitons (39). In principle, the dopant (acceptor) first ionizes the chain to produce a polaron 
(radical-cation). The polaron does not contribute significantly to conductivity and it’s pinned 
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to the counter-ion. Addition of more polaron ionized the chain further which results in forming 
higher concentration of polarons. Furthermore, the polarons can be ionized further to produce 
bipolarons (dications). Increasing the concentration of polarons causes adjacent polarons to 
interact and bipolarons are produced which are uncorrelated charged solitons in the case of 
polyacetylene and correlated dications in the other cases (40). The observed spinless 
conductivity is as a result of the bipolarons transport charge via inter-chain hopping. In general, 
conducting polymer molecular structure is very important in defining the band structure of a 
polymers. From figure 2.3, it is assumed that π system of the conducting polymers is 
completely conjugated in deriving the band structure, the band gap between valence band and 
conduction band will increase if the π conjugation length decreases. This will result in a 
decrease of wavelength of excitation absorption between conduction band and valence band. 
There are some problems that are associated with the increase in doping of intrinsic conducting 
polymers with an oxidizing agent in order to increase their electrical conductivity i.e. poor 
processibility and chemical instability. The source of poor processibility and chemical 
instability in intrinsic conducting polymer is associated with the process of doping. The 
possibility that doping could be eliminated in order to prepare conducting polymers with 
relatively high conductivity is one of the motivation behind the need for small band-gap 
polymers (41,42). These types of polymers are supposed to be intrinsic conductors of electricity 
therefore there will be no reason to dope them. Designing these intrinsic conducting polymers 
with small band-gap is called band structure engineering of novel conducting polymers. There 
are different ways used presently to design novel conductive polymers with tailor-made 
conducting properties i.e. Substitution/fusion process, ladder polymerization, topological 
method, copolymerization and donor-acceptor polymerization (43). Figure 2.8 shows the 
structures of doping and over-doping processes of polyaniline and formation of the bipolaron 
and polaron segments but anions are not shown on the schematic diagram. 
 
 
2.2.3 Conductivity of intrinsically conducting polymer 
 
It should be noted that conductive polymers are not one dimensional conductors but quasi one 
dimensional. This is because the bulk conductivity of a conductive polymer would always be 
zero no matter how high is the conductivity of an individual chain, since a single molecule does 
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not stretch from one end to the other. The electrons would need to be transported from one 
polymer chain to the other. However, the energy band theory does not state why conductive 
polymers conduct electricity although there are numbers of studies that addressed the transport 
properties of conductive polymers at the molecular level (45,46) . The presence of conjugated 
single and double bond along the polymer backbone explains the common electronic features 
of conductive polymers. In conductive polymers, single and double bonds have a localized σ-
bond that forms a strong chemical bond. Also, each of the double bond has a localized π-bond 
that is weaker (47). The π-bond between the first and second carbon atoms moves to the 
position between the second and third carbon atoms. Sequentially, the π-bond between the third 
and fourth carbon travels to the next carbon, and the trend continues. As a result, the electrons 
in the double bonds move along the carbon chain which simply shows that conjugated double 
bonds allow electric flow (47), however, conjugated double bonds do not make polymeric 
material highly conductive as discovered by Shirakawa, Heeger, and MacDiarmid. In their 
work, a hole (the absence of electrons) was created when an halogen dopant detach an electron 
from a localized bonding arrangement, and then an electron within the neighbourhood position 
moves in and filled that hole, thereby generating a new hole which allows charge to flow 
through the polymer chain (48). The hole is an electric charge carrier with a positive charge, 
equal in magnitude but opposite in polarity to the charge on the electron. Holes and electrons 
are the two types of charge carriers responsible for current in semiconductor materials. They 
are formed in an atom when an electron moves from the valence band into the conduction band. 
This publication developed the theories relating to conducting polymers and majority of 
chemists and physicists attributes changes in conducting polymers to the formation of self-
localized excitations ( polarons, bipolarons and solitons) as charge carriers (49). In Fig. 2.9 



















Polyaniline has gained a lot of attention due to its good redox properties, economical price and 
high environmental stability compared to other conductive polymers (50). Putting cost into 
consideration, aniline is cheaper than the rest of the monomers used to synthesise conjugated 
polymers. Synthesising polyaniline from aniline is quite easy compared to the method required 
to synthesize the rest of the conjugated polymers. It is very useful due to its air and moisture 
stable properties in its de-doped insulating form and doped conducting form (51). Its 
applications vary from separation membranes to anticorrosion coatings, sensors, batteries and 
antistatic coating (52). Chemical oxidative polymerisation and the electrochemical 
polymerisation techniques are the most commonly routes used by researchers to fabricate 
polyaniline from the aniline monomer. Chemical oxidative polymerization reaction of aniline 
is mostly conducted in acidic medium with a suitable oxidizing agent such as ammonium 
persulfate before polyaniline is formed. The polyaniline that is produced can further be made 
conductive electrically by doping (additional treatment by acid) after its polymerization 
reaction. Electrochemical synthesis route on the other hand involves the oxidation of acidic 
media on an inert metallic Pt or Au electrode by either constant current or constant potential.  
The presence of nitrogen atom as imine (sp2) or amine (sp3) hybridized state forms, and their 
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respective proportion in polymer backbone chain decides the resulting structure and various 
properties of polyaniline. 
 
Fig. 2.10 Chemical structure of polyaniline. 
 
From the above chemical structure of polyaniline (Fig. 2.10), it shows that polyaniline contains 
y (reduced) and (1-y) oxidizing units. Y value can vary from 0, (quinoid) units to produce 
completely oxidized form (pernigraniline), to one (all benzenoid units) which produces 
completely reduced leucoemeraldine. When y=0.5, i.e. (the number of oxidized units equals 
the number of reduced units) it is known as emeraldine base. It has been found that polyaniline 
has different types of oxidation states that are both pH and potential dependent. Other oxidation 
states occur due to the physical mixture of these oxidation states (53). 
 
(a) Leucoemeraldine base: The fully reduced state of none-doped polyaniline is 
leucoemeraldine base which has a pale brown colour and non-conductive.  
 
        Fig. 2.11 Molecular structure of leucoemeraldine base. 
 
(b) Pernigraniline base: Pernigraniline state of polyaniline is the fully oxidized state of 
polyaniline with pink/purple in colour. It does not have conductive properties like the 




        Fig. 2.12 Molecular structure of pernigraniline base. 
 
(c) Emeraldine base: The emeraldine state of polyaniline does not exhibits any conductive 
properties either and could be identified with its blue colour. 
 
          Fig. 2.13 Molecular structure of emeraldine base. 
 
Protonated form of emeraldine base (emeraldine salt) with partially reduced/oxidized structure 
is the only electronic conducting state of polyaniline. The conductivity of this state of 
polyaniline is due to the charge carriers generated after the acid treatment of the emeraldine 
base. Polyaniline emeraldine base differs substantially from the rest in the sense that its 
conductivity can be tuned via doping from 10 -10 S/cm up to 100 S/cm (54). 
 
2.3.1 Method of synthesis 
 
Polyaniline can be synthesized using different techniques viz., (a) electrochemical; and (b) 
chemical methods (55). Chemical method is the most common way to synthesize polyaniline 
in large quantity. Using this method, aniline is polymerized in water based solution in the 
presence of oxidant and dopants. The synthesized polyaniline comes in the form of irregular 
granular particles (powder). Different methods have been employed to produce nanostructure 
of polyaniline with diameter smaller than 100nm by introducing structural directing agents 
such as surfactants (56,57), polyelectrolytes (58), liquid crystals (59), nanowire seeds (60), 
aniline oligomers (61) and bulky organic dopants (62) during the chemical polymerization 
reaction. It was established that such functional molecules could act as templates or possibly 
increase the self-assembly of soft templates that control the formation of polyaniline 
nanostructure. There are different methods used to fabricate polyaniline i.e., hard templates, 
interfacial polymerization, soft templates, seeding polymerization etc. From the above named 
methods, interfacial polymerization has gained more attention due to its large scale production 
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ability and ability to produce high-quality polyaniline powder with controlled morphology, 
diameter and size (63).  
During interfacial polymerization technique, polyaniline formation at the initial stage is not 
subjected to further polymerization, it is believed that secondary growth is suppressed and only 
polyaniline is produced. The major advantage of fabricating polyaniline using interfacial 
polymerization is to suppress the secondary growth stage (63) because the fast movement of 
aniline monomer through water based solution and rapid interaction of aniline monomer with 
oxidant results in no aniline monomers supplied after the formation of polyaniline, and no 
further growth when polyaniline has been formed (64). It is very important to control the 
diameter and uniformity of polyaniline powder so as to get high quality products that are 
applicable to sensors fabrication and anti-corrosive coatings applications etc. Parameters like 
acid dopant, oxidants, aniline/oxidant molar ratio are responsible for controlling the 
morphology of polyaniline. Thus, uniform and thinner polyaniline powder will give a better 
performance compared to non-uniform and thick polyaniline powder (65). 
2.3.2 Polymerization mechanism 
 
Either polyaniline is synthesized chemically or electrochemically, the general belief is that 
there are close similarities in their polymerization mechanisms. The following mechanism 
illustrates the polymerization process in both case: 
The formation of radical cation by an electron transfer from the 2s energy level of aniline 
nitrogen atom is the first step (Figure 2.14). The aniline radical cation formed has several 
resonant forms and (c) is the most reactive one due to its absence of steric hindrance and its 
substituent inductive effect. 
 




             
Fig. 2.15 Schematic structure showing dimer formation and its corresponding radical cation 
 
Dimer formation is the next step which is formed by “head-to-tail” reaction between radical 
cation and its resonant form (c) in acidic medium. The dimer is further oxidized to form a new 
radical cation dimer as illustrated below in (Fig. 2.15).  
Further to the above step, the formed radical can react with radical cation dimer or with the 
radical cation monomer to form a tetramer or a trimer. If the above trends continues, like the 





Fig 2.16 Schematic structure showing polyaniline polymer formation. 
 
It should be noted that some side reactions are also identified besides the formation of p-
coupled polyaniline chain described above. These side reactions are: 
 Polymer hydrolysis (=O and -OH groups). 
 Formation of N=N bonds (azo groups); 
 Chlorine substitution in aromatic ring (in systems with HCl and LiCl or NaCl); 
 Formation of benzidine groups (“tail to tail” coupling); 
 Coupling of aniline and its oligomers in “ortho” position; 
 
All these reactions introduce undesirable elements to polyaniline structure and are regarded as 
chain defects. 
2.3.3 Protonic acid doping of polyaniline. 
 
Between the three oxidation states of polyaniline, the emeraldine oxidation state is the only 
polymer that can undergo non-redox doping process that will convert it to highly conductive 
form. Emeraldine base form of polyaniline is the first example (66). It can be isolated either as 
a protonated salt form “emeraldine hydrochloride” or in the base form “emeraldine base” (67). 
The imine nitrogen atoms can be protonated in part or in whole to produce the required salts, 
and the degree of protonation (doping) depends on the pH of the aqueous dopant acid. Entire 
protonation of imine nitrogen atoms in emeraldine base "EB" by an acid "HA" ( i.e. 1M 
aqueous HCL (Fig. 2.17) results in the formation of fully protonated polymer salt, ( EBH)+CL 
emeraldine hydrochloride having a half filled polaron conduction band  with conductivity of ≈ 





Fig. 2.17 Schematic structure showing protonic acid doping of polyaniline. 
 
Extensive studies have shown that emeraldine hydrochloride is strongly paramagnetic and that 
its Pauli (temperature independent) magnetic susceptibility increases linearly with the extent 
of protonation (67). The above observations and other studies show that doped polymer is a 
stable polysemiquinone radical cation, one resonance form consisting of two separated 
polarons as illustrated in Fig. 2.18. 
 
Fig. 2.18 Schematic structure showing stable polysemiquinone radical cation. 
 
The suggestion is that the band structure of the doped polyaniline would be expected to have a 
half-filled lower polaron band because there is an alternative resonance form where the charge 





2.4 Carbon nanomaterials  
 
Carbon nanomaterials, which consist of sp2 and sp3-bonded carbon atoms are recently 
generating a lot of interests in the field of nanotechnology (69). They have found great potential 
in fields of composite materials and energy conversion due to their good environmental 
stability, large surface area and exceptional chemical and electrical properties (70). It should 
not be a surprise that carbon compounds and allotropes are the most researched and studied 
materials in the world. Pure carbon is found in nature both as diamond and graphite. Although 
they differ by the arrangement of their carbon atoms, they also have very different properties. 
While graphite is conducting and lubricant, diamond is insulating and very hard. Recently 
discovered allotropes like spherical fullerenes, carbon nanotubes (cylindrical fullerenes), 
graphene (consisting one single layer of atoms disposed as a hexagonal lattice), and carbon 
black (amorphous carbon) are of interest to  scientists researching in the fields of chemistry 
and material science (71). The discovery of the first artificial pure carbon material (the 
spherical molecule called fullerene) kick-starts the commitment to research on other pure 
carbon materials. Carbon was produced in the form of quasi one-dimensional nanotubes in 
1991 and a single sheet of carbon, named graphene was experimentally discovered in 2004. 
Graphene could be regarded as the basic building block for the other graphite materials due to 
its different dimensionalities. The fullerenes could be regarded as the zero-dimensional 
wrapped up graphene, while the nanotubes could be seen as one-dimensional rolled graphene, 




Fig. 2.19 Diagram showing different allotropes of carbon Crystal structure (left to right) three-
dimensional diamond and graphite (3D); two-dimensional graphene (2D); one-dimensional 




2.4.1 Carbon nanotubes 
 
Carbon nanotubes were discovered by Ijima in 1991 (74) and in 1992 (75) Ebbesen and Ajayan 
introduced a method for large- scale synthesis of nanotubes. Ever since these discoveries, 
nanotubes are experimentally produced by chemical vapour method or by arc-discharge 
method (76,77) with their novel carbon structure arranged in a concentric manner with 
nanometre scale diameters. They can act as a metal or semi-conductors depending on the 
helicity and diameter of the arrangement of graphitic rings in the walls. Carbon nanotubes can 
be classified as single-walled carbon nanotubes (SWNTs) and multi-walled carbon nanotube 
(MWNTs). Multi-walled carbon nanotubes (MWCNTs) are concentric cylindrical shell of 
graphene sheets rolled-up together with a large annular space in the centre. Single-walled 
carbon nanotubes (SWCNTs) are simply made of single layer graphene tubes, rolled-up 
together, with a half fullerene molecule at both ends.  
Carbon nanotubes have become the focus of attention because they possess extraordinary 
electronic properties, high chemical stability, feasibility to attach chemical groups and foreign 
species (78), high tensile strength, high Young’s modulus (79)  and extraordinary mechanical 
properties. They are applicable as super capacitors (80), actuators (81), microelectronic devices 
(82), sensors (83), and electro-catalysis (84). However, one major obstacle in exploring the 
above mentioned properties of carbon nanotubes is their tendency to form bundles due to 
intermolecular cohesive interaction between neighbouring nanotubes. Another problem is their 
poor compatibility to polymer matrices because the host material will be weakened by addition 
of nanotubes bundles. There are quite numbers of methods employed to disperse carbon 
nanotubes so as to create preferable interfacial contact between the polymer and nanotube 
additives. Comparing the methods available, functionalization with super-molecules seems 
acceptable and unique because the pi-extended graphitic surface of the nanotube is preserved 




Graphene is a new class of materials that is only one atom thick and for this reason offers new 
insight into low-dimensional physics. Single-layer graphene is only one atomic layer thick and 
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could be the thinnest material one can ever discover. Graphene is a semiconductor with a rare 
feature of band gap exactly as zero.  Indeed, they are easy to manufacture and consume less 
power compared to inorganic semiconducting metal oxides (86). The electronic structure of 
graphene together with its low scattering rates results in good electronic transport that is easy 
to modify by doping. This unique high conductivity properties of graphene could make it serve 
as interconnects. Graphene is stable and inert, making it is possible to prepare large areas that 
have low defect densities and low electronic scattering rates (87). In addition, they have a high 
carrier mobility and capacity, a high electron transfer rate, a high surface-to-volume ratio, high 
mechanical properties and an outstanding flexibility. These features can be justified by its 
chemical structure. Graphene is a natural allotrope of carbon, containing sp2-bonded carbons 
with a honeycomb structure (88). This 2D crystal has excellent electrical and mechanical 
properties mainly due to its highly conjugated structure. Marinho et al. have shown that isolated 
single particles of graphene have a conductivity of 105-106 S.cm−1 whereas graphene powder 
compacted at 5 MPa settles for around 2 S.cm-1 (89). As for graphene sheets, they exhibit a 
conductivity of around 103 S.cm−1 (90). Its planar structure is an advantage over CNTs leading 
to a more suitable device integration (91). Commercial graphene can be found either in flakes 
shape or in sheets shape. Graphite oxide is prepared by the oxidation of bulk graphite. 
Interfacial trapping technique where bulk graphite is exfoliated to few layer graphene by 
trapping the graphite at the interface between two immiscible liquids has been reported (92). 
This was achieved by reducing the interfacial energy of the system. Conductive thin films and 
transparent thin films are produced through this method. These thin films has conductivities of 
400 S/cm and are up to 95% transparent (92) The interfacial trapping technique is a very simple 
and inexpensive method and there are no chemical modifications that are made to the graphite. 
Similarly, graphene oxide can be used with this technique. They are hydrophilic and could be 
dispersed in water. However, graphene oxide is an insulator and it has to be modified by 
reducing it to reduced graphene oxide rGO in order to create an electrically conducting material 
(93). Up to this moment, exfoliation of graphite to graphene as well as incorporating it into 
polymers have been rarely reported. It is almost impossible to achieve a fully separated state 
of graphene by pure mechanical mixing with solvents/polymers due to its strong interaction, 
low solubility and small spacing between stacked graphene planes. Despite the difficulty of 
deriving graphene from graphite for decades, recently developed techniques have paved a way 
for polymer nanocomposites reinforced with graphene. Free-standing single layer carbons from 
repeated mechanical cleavages of graphite with Scotch tapes was first reported by Novoselov 
and Geim (72). Bottom-up approaches such as chemical vapour deposition (94) and epitaxial 
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graphitization (95) was also reported. Isolation of graphene was also achieved via liquid-phase 
exfoliation using surfactants and ionic liquids (96). Considering all of the above mentioned 
unique techniques, difficulties in large-scale production limit their practical applications. 
 
2.5 Composites of conducting polymer with carbon nanomaterials 
 
Interest in conducting polymers for sensor applications has grown because conducting 
polymers can be interfaced with some molecules for an effective signal transduction. They 
have created basis to build bio recognition for different type of target analyte (97). Efforts have 
been made to fabricate carbon nanomaterials and polymers composites to make functional 
nanocomposite materials with superior properties for technological uses (98). Conducting 
polymers like Polyaniline, Polythiophene, Polypyrrole etc. have been explored as matrices to 
incorporate a quite number of carbon nanomaterials. These new nanocomposites are applicable 
in the field of sensors, solar cells, electrochemical capacitor etc. (99). Combining carbon 
nanotubes and graphene with conductive polymers gives platform to fabricating materials with 
numerous applications and this is not just combining two compounds but fabricating 
composites of two families of materials. 
 
2.5.1 Carbon nanotubes based composites 
 
An attractive route to reinforce macromolecular compounds as well as incorporate new 
electronic properties between two components is by combining carbon nanotubes with 
conducting polymers (100). Excellent conductivity, mechanical strength and high chemical 
stability is the reason for  rapid development of carbon nanotubes (101,102). All these 
properties lead to the commercial applications of carbon nanotubes in various applications 
(103,104). There are significant drawbacks associated with using carbon nanotubes alone 
especially in fabricating sensor prototypes because of their lack of selectivity for target 
molecule. For this reason, it is very important to functionalize carbon nanotubes in specific 
applications and since their use in electrochemical sensors requires selectivity, their 
performance can be enhanced by making composites with conductive polymer (105).  
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There are two foci of attention by researchers with respect to carbon nanotube composites and 
one is those made with conducting polymers such as Polypyrrole (PPy), Polythiophene (PTh), 
polyaniline (PANI), poly (3,4-ethylenedioxy thiophene) (PEDOT) and polyacetylene (PA). 
The second one is composites based on insulating polymers such as poly (methyl metacrylate) 
(PMMA) and polystyrene (PS). The usual approaches used to synthesize polymer/carbon 
nanotubes are; in-situ polymerization of corresponding monomer solution in the presence of 
carbon nanotube and direct mixing of components in the melt or in solution. Synthesis process 
is directly dependent on the effectiveness of the interfacial nanotube-polymer contact. The 
simple and easy method of synthesis is directly mixing carbon nanotubes with polymer 
followed by sonication so as to disperse nanotubes into the polymer matrix; but by this the 
nanotubes could be easily damaged, thus this method limits the applications of the resulting 
composites. The most effective interfacial nanotube-polymer contact is with in-situ 
polymerization approach, and it was reported to be an efficient way to form conducting 
polymer nanowire structure. Individual carbon nanotube possess very high conductivity 
compared to carbon nanotube film, the lower conductivity of the latter is due to lack of 
alignment between individual carbon nanotubes, also the semi-crystalline structure of 
conducting polymers limit the conductivity of nanotubes as well. By making composite of  
carbon nanotubes with conducting polymer, carbon nanotube act as a conducting bridge which 
transport charges from one crystalline section of conducting polymers to another through π – 
π hoping between conducting polymers and carbon nanotubes (106). Incorporating carbon 
nanotubes into conducting polymers leads to new composites materials that holds the properties 
of each component with a synergistic effect that would be useful in a particular application 
(107). 
 
2.5.2 Graphene based composites 
 
Graphene can be incorporated into conducting polymers like PANI to create new types of 
sensors. These composites have new properties coming from the strong interactions between 
the conjugated structure of graphene and the delocalised electrons in conducting polymers. It 
has been identified that these composite films form excellent sensors (88). Graphene is a very 
promising reinforcement that provides a combined benefit of both layered silicates and carbon 
nanotubes. It has exceptional electrical and thermal transport properties compared to layered 
silicates (72) and it can reduce gas permeability of host membranes (108) compared to carbon 
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nanotubes. It is also cost effective because it can be derived from naturally occurring graphite. 
In addition to its low cost, which is lower than that of carbon nanotubes, it has the capability 
of forming a thin film or coating for electromagnetic interference (EMI) shielding, and 
electrostatic charge dissipation (ESD) (109). Additionally, its in-plane mechanical properties 
are similar to those of carbon-nanotubes. All these features depends on compositions, structure 
of electrodes and fabrication techniques. Regarding composition, the proportion of graphene 
in the composite can be calculated as weight fraction, φ defined as: 
  𝜙 = 
wRGO
wRGO+wPANI
  where wRGO is the weight grapehene and wPANI weight of polyaniline 
It has been shown that a weight fraction of graphene higher than 0,4 cannot generate self-
standing films because of a brittle structure (110). Besides, improvements on electrical 
properties are observed only starting from a weight fraction of 0.15. At this threshold, the 
conductance significantly increases due to electric percolation, which corresponds to a 
phenomenon describing a transition from one state to another one for a system. Thus, the 
fraction of additive in the polymer matrix is enough to have an impact on electrical 
conductivity. Below this fraction, the conductance remains the same as PANI film. 
In addition to the above stated properties, composites of conducting polymers with graphene 
will benefit from larger surface area, surface textures, and the geometry of graphene sheets. 
Graphene wrinkled and rough texture caused by a high density of surface defects will interlock 
extremely well with the surrounding polymers and help boost the interfacial properties of the 
nanocomposites. Since graphene is a planar two dimensional sheet, it benefits from the stronger 
contact with the polymer material than the tube shaped carbon nanotubes. All these properties 
are extremely important to obtain high performance materials for application in sensors, 
catalysis, and other electronic devices. 
 
2.6 Theory and development of electrocatalysis and bioelectrocatalysis 
 
The main aim of electrocatalysis is to increase the rate of chemical reaction on the surface of 
an electrode. There are one or two possible mechanisms involved during interfacial charge 
transfer in an electrochemical reaction. The first possible mechanism is outer-sphere reactions 
which involves exchange of electrons between the reacting species and the electrode with just 
very weak or no direct interaction between them. This mechanism qualifies to be treated under 
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the theories of electron transfer described by Marcus and Hush (111) in which the kinetics and 
thermodynamics of charge transfer are insensitive on the electronic structure of the electrode. 
The second possible mechanism is Inner-sphere reactions, in which there is a notable 
interaction between the reacting species and the electrode. These types of reactions are not 
applicable to Marcus and Hush electron transfer theories. For this reaction mechanism, the rate 
of electrochemical reaction is significantly sensitive on the electrode surface properties (112). 
The basic principle of electrocatalysis involves the process of designing the properties of an 
electrochemical interface (113), especially the surface electronic properties and the geometry 
of the electrode and adjusting the structure of the double-layer in order to increase the rate of 
the electrochemical reaction of interest and reduce the reaction over-potential (η).  
Electrochemical rate constant (k) of an electrode catalysed reaction is given by:  
k = A0 e
 (−ΔG/RT)                                                                                                                                             (2.6) 
A0 is the pre-exponential term, (e) electrode coverage intermediates and spectator species, ΔG 
is the free energy of the reaction, R is the universal gas constant and T is the absolute 
temperature. 
Fundamental principles of bioelectrocatalysis are like those of electrocatalysis described above 
just that enzymes or whole cells serve as electrocatalysts instead of conventional materials. In 
enzyme modified electrodes, there is possibility of electron transfer between the reacting 
species (substrate) and the electrode if the enzyme is properly orientated and the enzyme active 
centre is not too far from the electrode to allow electron tunnelling between them (114). The 
major challenge in bioelectrocatalysis depends on the design of the electrochemical interface 
to establish electrical communication between the electrode and the enzyme considering the 
fact that active sites of enzymes are often buried at a distance from the enzyme surface (115). 
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Fig. 2.20 Schematic image showing interfacial and intramolecular electron transfer (ET) 
through an enzyme adsorbed to an electrode (116). 
 
2.6.1 Applications of conducting polymer composites in electrocatalysis 
 
Considering conducting polymer modified electrode, there are three processes taking place 
during electrocatalytic conversion of solution species. The first one is a heterogeneous electron 
transfer between the electrode and a conducting polymer layer, and electron transfer within the 
polymer film. The second process is the diffusion of solution species to the reaction zone, 
where the electrocatalytic conversion occurs. And lastly, a chemical heterogeneous reaction 
taking place between solution species and conducting polymer (117). 
From the above, it is clear that electrocatalytic activity depends on the nature and structure of 
catalytic electrodes, and in order to increase the catalytic activity that is proportional to the 
active surface area of the electrode, the catalyst material could be dispersed on a high surface 
area and a suitable electron conducting substrates. In an ideal situation, nanocomposite of 
conducting polymer with carbon nanotubes or graphene can serve as such a catalyst provided 
that the nanocomposite is sufficiently stable under the experimental condition, it is sufficiently 
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conductive to avoid an ohmic drop in the film and it is sufficiently porous to allow the 
electroactive species to reach the catalytic sites. 
As a result of these complex processes, kinetic behaviour and voltammetric responses are 
difficult to interpret, and a great deal of attention has been paid to consider some simplified 
models. Therefore developing a novel nanocomposite biosensor prototype for efficient 
selective determination and amperometric detection of tetracycline (TC) antibiotics in bio-fluid 
will be a step forward to solving the problems associated with interpreting the kinetic behaviour 




Considering the fact that electrochemical and chemical strategies for detecting contaminants 
are wide, they don’t usually give complete analysis of the ecological risks involved as well as 
the impact involved, however, combining both chemical analyses and biological responses may 
give us a true picture of the situation. In 1962 (118) the use of enzyme electrodes was first 
reported and the term biosensor was introduced by Cammann in 1977 (119). Between 1999 
and 2001 (120) the IUPAC definition of biosensor was introduced. Biosensors are devices that 
enable the identification and quantification of an analyte of interest from a sample matrix, i.e. 
blood, urine, food or water. As a key feature of the biosensor design, biological recognition 
elements that selectively react with the analyte of interest (e.g., enzymatic reactions or antibody 
– antigen) are employed. It should be noted that the biological recognition element is either 
integrated within or in close proximity to the transducer. The transducer enables the catalytic 
conversion event or the transformation of the analyte recognition into a quantifiable physical 
signal, i.e. a current in an amperometric biosensor. A biosensor consists of different 
components as illustrated in Figure 2.21. There are different ways to design biosensor 






Fig. 2.21  Schematic set up diagram of a typical Biosensor (121). 
 
When developing a novel biosensor design, the crucial decision to be taken is the choice of the 
biological recognition element. It is mandatory to define criteria such as the suitable redox 
enzyme for the specific biosensor prototype. The most important criteria are that the enzyme 
needs to selectively react with the analyte of interest. The redox potential of the primary redox 
centre should be within a suitable potential window i.e.  − 0.6 and 0.9 V vs. Ag/AgCl (121). 
Also the enzyme needs to be stable under the storage and operation conditions of the biosensor 
and should have a reasonable long - term stability. 
Although a biological recognition reaction is very selective, there are chances that interferences 
will occur due to substances that are not analyte of interest. Bio-recognition elements or the 
transducer surface can convert such interference and thus create false-positive reports. The 
selectivity of a biosensor is characterized by the selectivity coefficient (K) which is defined as 
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the quotient of the respective binding constant of the analyte of interest A and a potential 
interference I with bio-recognition element B.  
B + A → BA; KBA 
B + I → BI; KBI 
KAI = KBA/KBI 
In addition to the above, sensitivity (s) is another important parameter of the biosensor 
performance. It is defined as the slope of change in signal with change in concentration. 
S =  
d(signal)
d(concentration)
                                                                                    (2.7) 
This is straightforward if the biosensor response in linear. The linear range is the range in which 
the sensor signal is proportional to a change in concentration, but this is different to dynamic 
range which is the range in which a change in concentration will lead to any sort of noticeable 
change in signal. The most important parameter to be determined in a biosensor is the limit of 
detection (LOD).  
LOD = k × stdbackground /S                                                                                                                         (2.8) 
K is the signal-to-noise ratio and stdbackground is the standard deviation of the background signal 
(blank sample) while S is the slope of the analytical curve (sensitivity). The value of k can be 
chosen deliberately depending on the desired accuracy of the LOD but is typically 3.  (122) 
 
2.7.1 Electrochemical biosensors 
 
Electrochemical sensors are simple to fabricate, cheap and reusable. They are small device that 
are capable of being used for direct measurement of the analyte in the sample matrix. They 
have high sensitivity and stability, can respond reversibly and continuously and do not perturb 
the sample. Since most sensors are oxidized at readily accessible potentials, electrochemical 
sensors have successfully being used to detect many phenolic compounds (123). The 
construction of electrochemical sensor depends on its intended application. Various 
performance parameters of the electrochemical sensor are dependent on design of the sensor. 
As a matter of fact, some electrochemical sensors appear the same, but their functions are 
markedly different. Chemical sensors have transduction element covered by biological or 
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chemical recognition layer. When the layer comes across the target analyte, the chemical 
changes from the interaction between the layer and the target analyte are translated by the 
transduction element into electrical signals. On the other hand, electrochemical sensors are a 
subclass of chemical sensors in which the transduction element is an electrode. In simple term, 
an electrochemical sensor consists of a diffusion barrier, a sensing-electrode, a counter-
electrode and an electrolyte. These devices hold a leading position among sensors presently 
available because they have reached a stage at which they can be commercialized. They have 
found quite number of applications in environmental, industrial, clinical and agricultural 
analyses. 
Carbon Nanotube-Based Electrochemical biosensors: - The carbon nanotube-based 
electrochemical sensors have generated many reports in recent times. Different types of 
electrochemical techniques have been used for sensing biomolecules including conductometry, 
amperometry, voltammetry, potentiometry and impedemetry (124). The most useful and 
widespread technique among them is voltammetry which involves measuring the current as a 
response to the applied potential. This technique will be used in this research work. It is 
mandatory to develop stable and highly target specific interface by different types of surface 
modification of conventional electrodes for enhanced current response. The most important 
issue for sensor development to detect important biological molecules is the sensitivity and 
selectivity.  
Carbon nanotubes with other materials like conducting polymers, ceramics, metal 
nanoparticles etc. are good combination for the developments of electrochemical sensor. Yang 
et al. fabricated a novel electrode using a poly (acid chrome blue K)/ MWCNTs composite film 
modified GCE for simultaneous detection of dihydroxybenzene isomers in real water samples 
by applying the first order linear sweep derivative voltammetry (125). 
Carbon-paste electrodes have been used as a satisfactory matrix for preparing modified 
electrodes due to their renewability, simple preparation and compatibility with various types 
of modifiers. Carbon Nanotube-modified Carbon-paste electrodes showed considerable 
improvements in electrochemical behaviour of materials. Zhuang et al. reported the fabrication 
of Carbon-paste electrodes modified with Multi-walled Carbon Nanotube for the determination 




There are quite a number of reports on Metal nanoparticles in recent years. Incorporating Metal 
nanoparticles to Carbon Nanotube for the modification of electrodes have been reported to 
enhance the electrocatalytic activity of many electrochemical processes, thus suitable for 
sensing applications. Hrapovic et al. focused on metal nanoparticles/Carbon Nanotube 
nanocomposites for electrochemical detection of trinitrotoluene (TNT) and other 
nitroaromatics (127). 
Electrochemical detections of metal ions have widely been studied using Carbon Nanotube-
modified electrode. For example, Yuan et al. developed a mercury-free electrode system by 
casting a dispersed solution of MWCNTs in Nafion on glassy carbon electrode (128). Also Sun 
et al. used Single-walled Carbon Nanotube-Nafion film for the determination of Cd2+ in water 
(129). Furthermore Profumo et al. prepared chemically modified Multi-walled Carbon 
Nanotube electrode to detect the trace amount of As (III) and  Bi (III) in a natural and high-
salinity waters (130). 
Much effort has been made in the development of a highly sensitive and selective method for 
the detection of biomolecules. Conventional electrodes are not suitable for the determination 
of these biomolecules but Carbon Nanotube-modified electrodes have been widely used to 
resolve this problem (131). 
Graphene-Based Electrochemical biosensors: - There are superior performance in terms of 
electrocatalytic activity in graphene-based electrodes compared to carbon nanotubes based 
electrodes (132). This simply implies that opportunities in electrochemistry encountered by 
carbon nanotubes might be available for graphene. 
These unique physicochemical properties make graphene great potential for providing wide 
space and critical improvements in the field of material science. For instance, electrically 
conductive graphene sheets with large surface area can provide high densities of accumulated 
analyte molecules which will help in facilitating device miniaturization and high sensitivity. 
Graphene could also act an electrical communication role by opening up opportunities for 
sensing strategies based on direct electron transfer between underlying electrodes redox species 
without using electron-shuttling mediators (133). 
Zhou et al reports that graphene exhibits a wide electrochemical potential window of ca. 2.5 
VIN 0.1 M PBS (pH 7.0)  which is comparable to those of boron-doped diamond electrodes, 
glassy carbon (GC) and graphite (134). Cyclic voltammetry (CV) was used to study the electron 
transfer behaviour of graphene and they exhibits well-defined redox peaks.  Electrochemical 
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response of graphene towards different kinds of redox systems was studied by Tang et al. Three 
separate redox couples was studied: Fe3þ/2þ, [Fe(CN)6]
3, and [Ru(NH3)6]3þ/2þ.  
Fe3þ/2þ is both oxide-sensitive and surface-sensitive; Fe (CN)6]
3 is not oxide-sensitive, but it 
is surface-sensitive; and Ru(NH3)6]3þ/2þ is an outer-sphere redox system which is insensitive 
to most surface defects.  Cyclic voltammograms K0 (electron-transfer rate constants) for 
graphene and GC electrodes are 0.18 cm/s and 0.055 cm/s for [Ru(NH3)6]3þ/2þ (135). This 
simply implies that graphene is endowed with fast electron transfer due to its unique electronic 
structure especially the high density of the electronic states over a wide energy range. The K0 
for [Fe(CN)6]
3 on graphene and GC were calculated to be 0.49 cm/s and 0.029 cm/s, 
respectively, and that of Fe3þ/2þ at graphene electrode are several orders of magnitude higher 
than that at GC electrodes (135). This means the electronic structure of graphene are beneficial 
for electron transfer (136). 
 
2.7.2 Voltammetric biosensors 
 
The discovery of polarography in 1922 by the Czech chemist Jaroslav Heyrovsky, for which 
he received the 1959 Nobel Prize in chemistry leads to the development of Voltammetry. These 
methods experienced several difficulties at the earlier stage making them less ideal for routine 
analytical use. Nonetheless, in the 1960s and 1970s remarkable advances were made in all 
areas of voltammetry (methodology, theory, and instrumentation) which further improve the 
sensitivity and expanded the range of analytical methods. These improvements that was 
achieved with the advent of low-cost of operation and fabrication facilitated the rapid 
commercial development of relatively inexpensive instrumentation.  
In voltammetry a time-dependent potential is applied to an electrochemical cell, and the current 
flowing through the cell is measured as a function of that potential. Voltammetric technique 
involves the application of a potential (E) to an electrode and then monitoring the resulting 
current (I) flowing through the electrochemical cell. Generally the applied potential is varied 
or the current is monitored over a period of time (T). Thus, all voltammetric techniques can be 
described as function of E, I, and T.  Direct voltammetry of more substance at bare electrodes 
takes place in high over potential and at nearly potential close to other (137). Due to the 
adsorption of oxidized products, direct oxidation results in electrode surface contamination. 
This causes poor selectivity, poor sensitivity and unstable analytical signals. In order to avoid 
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the above limitation in electroanalytical methods, modified electrodes have been developed 
(138). These modified electrodes represent a modern approach to electrode systems. They 
typically rely on the placement of a reagent onto the surface, to impart the behaviour of that 
reagent to the modified surface. Modifying electrode surfaces have solved many 
electroanalytical problems, and they form the basis for new analytical applications and different 
sensing devices (139). 
 
 Electrocatalysis voltammetric biosensors 
 
Ideally, the redox reaction of a bare electrode is a slow electron transfer kinetics and so takes 
place at a rate only at potentials substantially higher than its thermodynamic redox potential. 
Thermodynamics describes the overall properties, behaviour, and equilibrium composition of 
a system; kinetics describes the rate at which a particular process will occur and the pathway 
by which it will occur. This type of reaction can be catalysed by attaching a suitable electron 
transfer mediator to the surface. Electrocatalytic plays a major role in sensing and energy-
related applications. The mediator has one major function and that is to facilitate the charge 
transfer between the electrode and the analyte. For instance, in an ideal oxidation process, the 
mediated reaction sequence can be described as below. 
Mred → Mox + ne 
Mox+ Ared → Mred +Aox                                                                                                                                                           (2.9) 
M is the mediator (or modifier) on the electrode surface and A is analyte  (140). The electron 
transfer takes place between the mediator and the electrode and not directly between analyte 
and the electrode. The active form of the catalyst is electrochemically regenerated. Net results 
of this electron shuttling are a lowering of the overvoltage of analyte oxidation to the formal 
potential of the mediator and an increase in current density (139) . Transition metal complexes 
(141,142) and different derivatives of hydroquinone (143) are recognised as modifiers or 
electron mediators in the electrocatalytic determination of some important compounds by 
voltammetric sensors. Ideally, modifiers in the absence of analyte exhibits a well-behaved 
redox reaction in cyclic voltammetry technique, but in the presence of analyte the anodic peak 
current in cyclic voltammetry increases and the cathodic peak eliminated at suitable potential 
low scan rates. This mechanism is called electrocatalysis (140). 
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Electrocatalysis can be investigated using different types of electrochemical techniques such 
as chronoamperometry, hydrodynamic voltammetry and cyclic voltammetry. They will be able 
to determine different kinetic parameters like rate of chemical reaction between modifier and 
analyte, rate of electron transfer between electrode and modifier, and transfer coefficient (α) 
for oxidation of modifier and analyte (144).  Considering the fact that differential pulse 
voltammetry has good resolution and high current sensitivity, it has been used for quantitative 
analysis by electrocatalysis voltammetric sensors. Linear range of calibration curve and 
detection limit is the most important merit of figures for one voltammetric sensor. This could 
be affected by different parameters. For instance, the factors that increase the current sensitivity 
can improve the detection limit of the sensor (145). Nanomaterials (e.g. carbon nanotubes) 
could be used as a modifier to improve the electrocatalysis of analyte in order to increase the 
sensitivity and thus the detection limit and other factors of the sensor. Different type of methods 
could be used for electrode modification and nanomaterial (e.g. carbon nanotubes) utilization 
in voltammetric sensors. These methods will be discussed in the next section. 
 
 Carbon nanotubes in electrocatalysis voltammetric biosensors  
 
Since carbon nanotube have unique mechanical, geometric, electronic and chemical properties, 
they represent an increasingly important group of nanomaterials (146). They are extremely 
attractive for the tasks of surface modification in voltammetric sensors due to their unique 
properties. In recent studies, it has been demonstrated that carbon nanotubes modified 
electrodes can promote the electrochemical reactivity of important analytes and impart 
resistance against surface fouling in electrocatalysis voltammetric sensors (147). The presence 
of edge plane defects at the end caps of carbon nanotubes attributes to the electrocatalytic 
activity of carbon nanotubes. Electrode modification and carbon nanotubes utilization for 
electrocatalysis voltammetric sensors can be grouped into two major divisions: modification 
of the surface of the electrode (such as preparation of polymer film and adsorption) and 
modification of the bulk (such as carbon ceramic electrodes and carbon paste). The typical 
method for bulk modification of electrodes in electrocatalysis voltammetric sensors is one in 
which carbon paste is used as a matrix for incorporating carbon nanotubes and modifier. In a 
typical procedure in electrocatalysis voltammetric sensors, three components were used:  
carbon powder, paraffin and modifier. Generally, the electronic properties of carbon nanotubes 
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have the ability to promote electron transfer when used as the electrode material in 
electrochemical reactions. This property gives new approach in electrode surface modification 
for designing new voltammetric sensors and novel electrocatalytic materials (145). Thus, 
incorporating carbon nanotubes as a forth component in carbon paste will improve the 
electrocatalytic properties of the electrocatalysis voltammetric sensors. For example, 
electrochemical sensor based on carbon paste electrode modified with 3,4- 
dihydroxybenzaldehyde-2,4-dinitrophenylhydrazone incorporating carbon nanotubes which 
makes the modified electrode highly sensitive for simultaneous electrochemical detection of 
acetaminophen, norepinephrine and tryptophan was reported (137). Furthermore, the detection 
limit and linear range of carbon paste based electrocatalysis voltammetric sensor will be 
improved by using carbon nanotubes. i.e. the detection limit of a carbon paste sensor based on 
carbon nanotubes reported by Mazloum-Ardakani et al. is 8.7×10−8 M (144) and the detection 
limit of a carbon paste sensor without carbon nanotubes for determination of dopamine reported 
by Safavi et al., was 1.0×10−6 M (148). Illustrating the use of carbon nanotubes and conducting 
polymer composites in voltammetric sensors, there was a reported sensor based on 
polyaniline/carbon nanotubes composites modified electrode fabricated by galvanostatic 
electro polymerization of aniline on multiwall carbon nanotubes-modified gold electrode. It 
exhibits enhanced electrolytic behaviour to the reduction of nitrite, also facilitates the detection 
of nitrite at an applied potential of 0.0 V. Based on PANI / Multiwall carbon nanotubes -
modified electrode, a linear range from 5.0×10−6 to 1.5×10−2 M for the detection of sodium 
nitrite was observed with a detection limit of 1.0 μM (149). 
 
 Graphene in electrocatalysis Voltammetric biosensors 
 
High surface area which has a great application in electrochemical sensing is an essential 
characteristic of an electrode material. Graphene has a unique nanostructure, electrochemical 
properties, high surface area of 2630 m2 g−1 higher than that of carbon nanotubes (1315 m2 g−1) 
and graphite (10 m2 g−1) (150,151) as well as high electrical conductivity of 64 S/cm−1 that is 
stable over a wide range of temperatures (152). There are various reports on the electrocatalysis 
of graphene on its wide spectrum of sensing (153). Recent findings show that graphene is a 
novel electrode material applicable as a sensitive chemical sensor for various sensing 
applications like metal analysis, pH sensing, biosensing, pharmaceuticals as well as gas 
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sensing. For example,  Li et al. (154) studied the sensitivity of graphene dispersed nafion 
modified bismuth film electrode towards metal detection, Ang et al. (155) studied the pH 
sensing properties of graphene based sensors using hydroxyl and hydroxonium ions over the 
pH range, Zhu et al. (156) studied the electrochemical sensing application of graphene for 
detection of biomolecules like catecholamines, Jain et al.(157) studied the voltammetric 
behaviour of different pharmaceuticals at graphene modified electrodes, Schedin et al. (158) 
researched on the gas sensing properties of graphene for gaseous molecules and lastly, Kang 
et al. (159) investigated the sensitive behaviour of paracetamol on GCE/GR sensor using 
voltammetric techniques (160). The above implies that graphene has an extraordinary 
electrocatalytic activity for a variety of redox processes. 
 
2.7.3 Amperometric biosensors 
 
Amperometry is a voltammetric method and was the first type to be developed and has been in 
use for about 35 years (161). They have gained popularity due to their ease of production, low 
cost of the devices and design simplicity. While a constant potential or current is applied, 
amperometric biosensor measures the potential or current resulting from the chemical reaction 
of the electroactive materials on the transducer surface. The change in current is directly related 
to the concentration of the target analyte. It comprises of a three-electrode cell configurations 
which are the working electrode, reference electrode and the auxiliary electrode. The working 
electrode is usually a noble metal, carbon covered by the bioreceptor elements or indium tin 
oxide. The potential applied between the auxiliary electrode and the working electrode results 
in a constant potential at the working versus a reference electrode (162). The resulting current 
from the chemical reaction can be used to study many electrochemical processes that involved 
species in solution, adsorption, antibiotics detections etc. When developing an amperometric 
biosensor, it is important to choose a suitable working electrode to conveniently modify and 
prepare its surface and also identify the electrochemical response related to the specific reaction 
because the performance of the biosensor is actively dependent on the reaction rate (163). The 
rate of reaction depends on the current generated at the working electrode of the cell 
configuration. The steady-state current is proportional to the analyte concentration and the 
auxiliary electrode should be placed in the cell and must be a good conductor of electricity so 
as to give good distribution of electric field (164). 
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Different materials have been used as transducers for amperometric detection and among these 
materials are screen-printed electrodes, glassy carbon, graphite, carbon nanotubes, carbon paste 
etc. The electrode can be modified with different modifiers and composites that incorporate the 
active components desired to fabricate the biosensor (164). All above listed materials are good 
transducers for amperometric detection in aqueous medium i.e. carbon paste electrode is easy 
to prepare, versatile in the chemical modification and very rapid to renew but glassy carbon 
electrode has high resistivity to chemical attack, the cost is significantly low, it has large 
potential window and polished or treated easily via potential scanning (165).   
Several nanomaterials such as carbon nanotubes, graphene and nanoparticles with modified 
surfaces have been used in the fields of biosensing and carbon nanotubes was one of the first 
nanomaterials to have an impact on amperometric biosensors. They have good electron transfer 
ability with large surface area which enables them to enhance the reactivity of biomolecules 
and redox cofactors (166). The working principle of the biosensor involves electrochemical 
reaction at the surface of the transducer between the analytes to be detected and the bio-
receptors to give an electrochemical signal. They work in such a way that they can detect 
biomolecules without damaging the system. During fabrication, bioreceptor is coated to the 
surface of the transducer and it reacts specifically with target analytes, further generating a 















This chapter presents brief introduction that described the overall methodology that was used 
in this work. Film preparation, material synthesis/reactions, electrode fabrication as well as 
material characterisation was discussed in this chapter. This is aimed to show more detailed 
understanding of the characterisation and results presented in this thesis.  
 
3.1 Fabrication methods 
 
3.1.1 Materials preparation 
 
All reagents used in this work were analytical reagent grade. Deionized water obtained from 
Millipore Milli-Q purification system was used to prepare all aqueous solutions. Aniline 
monomer (99% purity)  Ammonium persulfate (APS), dichloromethane CH2Cl2, hydrochloric 
acid (HCl, 37%), Commercial Multi-Walled Carbon Nanotubes (MWCNT) with 95% purity, 
Sulfuric acid (H2SO4), Nitric acid (HNO3), was used as received from Sigma Aldrich, United 
Kingdom. Aniline polymerisation was carried out In a typical synthesis where aniline was 
dissolved in an organic solvent dichloromethane CH2Cl2 , while oxidizing agent, ammonium 
persulfate (NH4)2S2O8 was dissolved in aqueous 1.0M solution of the dopant hydrochloric acid 
(HCL) which resulted in a dark green powder (167). Carboxyl (–COOH) functionalized carbon 
nanotubes was prepared as reported in literature (168). The prepared (MWCNT–COOH) was 
added to a solution containing aniline and dichloromethane CH2Cl2 which was sonicated at 
room temperature for 1 hour to disperse the carbon nanotubes. When sonication was complete, 
it was added to another solution containing ammonium persulfate and 1.0 M HCl aqueous 
solution so as to give good polymerization of aniline. The resulting greenish-black precipitates 
was vacuum filtered, washed with distilled water and further washed with methanol to give the 
PANI/MWCNT nanocomposites powder. Glassy carbon electrode was used as the working 
electrode. The electrode was polished with 1.0, 0.3, and 0.05 μM alumina powder slurries 
rinsed thoroughly with ethanol and distilled water before modification process. A stock 
solution of 9.0×10-3 mol L-1 tetracycline was prepared by dissolving 0.019g of the compound 
in 5 ml deionize water. This was further sonicated for 3 minutes to give a complete dissolution 
of tetracycline.  Different concentrations of tetracycline hydrochloride that were target analytes 
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to be investigated, were prepared by successive additions of 10µl of the stock solution to the 
buffer solution in the electrochemical cell. 
 
3.1.2 Interfacial polymerization 
 
One of the most important methods of fabricating polymer particles and membranes is 
interfacial polymerization. It is an effective route of synthesising extensive functional 
polymeric materials. Different types of monomers such as ester, urea, aniline and their 
derivatives have been successfully polymerised using interfacial polymerisation (169)(170). 
Comparing interfacial polymerisation to bulk polymerisation, interfacial polymerisation takes 
place at the interface of two immiscible phases in a step-growth manner which gives the 
polymer unique chemical properties like hollow structures or anisotropic shapes. When two 
immiscible liquids construct an interface, one of the liquids or both contain monomers, but 
chemical potentials difference between the two immiscible liquids at the interface diffuses the 
monomers to the interface thereby initiating polymerisation at the interface. The polymer grows 
at the interface as polymerisation proceeds due to the diffusion of monomers to the interface 
(171). Therefore, interfacial polymerization is the most desired method used to synthesise 
various polymer materials, which has been applicable extensively in  sensors, supercapacitors 
and switches (172). Although, there are different approaches adopted by researchers when 
synthesising polyaniline, but there is a need to use a practical method that can fabricate pure 
and uniform polyaniline with small diameters in bulk quantity.  
 
                              
 
Fig. 3.1 (A) Schematic illustration of liquid-liquid interfacial polymerization. (B) Interfacial 






This work will adopt a previously reported interfacial polymerisation method of synthesising 
PANI and PANI-MWCNT, using a facile liquid in liquid interfacial polymerisation technique 
where one of the liquid phase contains the monomer with ammonium persulfate as the oxidant 
(167)(168). This route will produce high quality polyaniline with desired properties useful for 
ultra-small structures like sensors. Using this unique technique, the monomers and initiators 
are dissolved in separate aqueous/organic liquid phases. Polymerisation is triggered when both 
initiators and monomers in the aqueous/organic solvent diffuse to the interface as illustrated in 
figure 3.1. 
The polymer progressively diffuses and occupies one liquid phase as polymerization proceeds. 
Although increase in polymerisation time increases the resulting amount of polymer material 
but due to linear nature of PANI chains, nanofibers were formed at the interface thereby 
terminating further polymerization, almost completely producing nanofibers with small 
diameters (20nm). This same unique method was adopted during PANI-MWCNTs synthesis, 
because it is highly acceptable for getting good dispersion of nanotubes without affecting its 
property. The mechanical properties of the formed nanocomposites were significantly 
improved due to excellent interfacial bonding between PANI and CNTs. 
 
3.1.3 Drop casting 
 
Drop casting is a common procedure used to prepare uniform thin films by simply dropping a 
solution or impinging an array of droplets on flat substrates followed by evaporation of the 
solution. This process typically involves dropping small amount of the polymer solution onto 
a flat surface or substrates and allowing the solvent to evaporate to form a thin solid film. It is 
a liquid-phase method for the deposition of processed solvents. In previous reports, carbon 
nanotubes based composites have been fabricated into thin film using various methods like 
screen printing (174),  spin coating (175), Spray coating (176), Slot die casting method (177) 
vacuum thermal deposition (178) among others. Screen printing is a scalable technique which 
is usually suitable to fabricate thin solid films with characteristics which is usually complicated. 
Spin coating is a widely used technique for depositing solution-processed solvent, but it is 
limited to lab-scale and batch processes applications. Spray coating is not steady which results 
in non-uniform film formation while Slot-die casting method is not ideal for nano-thin films 
fabrication, because the resulting film is too thick due to large amount of solution deposited 
during deposition process. Vacuum thermal deposition method on the other hand has received 
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a lot of attention from researchers but its limitation such as large material loss, huge energy 
consumption as well as complicated operation rendered the method unattractive. For this 
reason, it is very important to present a novel and straightforward alternative to the above 
mentioned techniques so as to give a more reliable, reproducible and precise solution-processed 
deposition method. 
This work will focus on droplet-based deposition method (Drop-casting), due to its unique 
characteristics such as touch-free nature and its ability to produce very thin solid films. Drop-
casting technique previously reported (179) will be adopted with a slight modification during 
the deposition process. While most conventional drop casting technique involves droplets of 
the solvent on the substrates with different modes of evaporation, here the same procedure has 
been adopted but combined with imposed substrate vibration before evaporation. Although this 
proposed substrate vibration is applicable in other methods of casting and as a matter of fact 
used by others during the fabrication of nanowires (180) and transistors (181), results have 
shown that the frequency and amplitude of the imposed vibration could either improve or 










Fig. 3.2 Schematic stage of depositing thin solid film using drop casting method.  
 
In contrast to the above, a simple, easy and straightforward fabricating technique is adopted in 
this work, using drop casting method combined with manually vibrating the substrates  and 
allowing the solvent to settle and form a uniform film before evaporating with infra-red lamp. 
The manual vibration adopted was able to limit the problems associated with conventional use 
of ultrasonic vibration with high-frequency which leads to film deterioration. Since the 
electrode surface is relatively small, using ultrasonic vibration will simply lead to loss of 




sample droplet on the surface of the electrode during liquid spreading. By carefully manually 
vibrating the electrode after sample deposition, the film will spread uniformly on the surface 
of the electrode without losing the required sample size droplets needed to give a uniform 
coating on the electrode. The films deposited was pure which was observed to have good 
adhesion with the electrode surface. 
 
3.1.4 Fabrication of the biosensor 
 
The method used to fabricate the biosensor was the same as previously reported in literature 
(183). Before each experiments the glass carbon electrode was polished with alumina powder. 
The previously prepared nanocomposite was drop casted on the electrode and the solvent 
evaporated using infrared lamp. These steps were repeated for both pure PANI sample and 
PANI/MWCNT sample. The modified electrode was dipped into phosphate buffer solution (pH 
4.4) and successive amount of tetracycline hydrochloride stock solution (10ul each) that was 
target analyte to be investigated was dropped into the phosphate buffer solution. A reliable 
current reading that is dependence on the analyte concentration was recorded. 
 
3.1.5 Electrochemical measurement 
 
All electrochemical measurements were performed on CHI 601D (CH Instruments Austin, TX, 
USA). Electrochemical experiments was carried out with a conventional three-electrode 
system comprising of PANI/MWCNT nanocomposite modified glassy carbon electrode as 
working electrode, platinum mesh as counter electrode and Ag/AgCl (saturated KCl) as 
reference electrode. All potential values in this experiment are reported as a function of 
Ag/AgCl (KClsat). The electrochemical performance of the fabricated biosensor was 
investigated using cyclic voltammetry and amperometric detection.  Cyclic voltammetry was 
conducted with a scan rate of 50 mV/s and in the potential of -1 and 1 V. Amperometric 
detection was performed at a fixed potential of -0.6V. Steady-state currents were recorded 
within 60 seconds. Electrochemical measurement, as well as cyclic voltammetry and 
amperometric i-t curve was carried out in a phosphate buffer solution containing a certain 




3.2 Characterisation methods 
 
3.2.1 DC-conductivity measurements 
 
Surface resistivity (sheet resistance) is quite important when quantifying the ability of current 
to pass through uniform thin films of a material. A simple two-probe technique is sufficient to 
measure the resistivity of a sample with resistance in the range of kilo ohms to mega ohms. But 
this is different for materials with high conductivity because the resistance of the electrical 
contacts between the probe and the sample could be considerably high compared to the 
resistance of the sample itself. For this reason, a two-probe method would not be ideal and a 
four-probe technique would be adequate (184). It involves the use of four equally spaced four-
point probe making electrical contact with the material. A current (I) is passed through the 
outer probe 1 and 4 and the voltage drop (V) across probes 2 and 3 is measured. 
The resistivity Ƿ of the compressed pellet is given by: 
                        Ƿ = 
𝑉 
𝐼
 × 2πs                                                                                                 (3.1)                                    
 
V= Floating potential difference between inner probe in volts (v) 
I= current through the outer pair of probes in ampere (A) 
s= spacing between the probes in meter (m) 
This is not applicable in the case of a thin film but only applies to a semi-infinite volume. In 
the case of a thin film of material, the sheet resistance can be calculated using the equation 
below and the units is in “ohms per square”, so as to differentiate it from bulk resistance.  
 
     RS =   
𝜋
ln (2)
 ×  
𝑉 
𝐼
    = 4.53236 × 
𝑉 
𝐼




    is the correction factor = (4.53236)                                                                               
 
Furthermore, if the thickness (t) of the measured thin film material is known, the resistivity (Ƿ) 
could be determined using the sheet resistance equation.                   
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                      Ƿ = 
𝑉 
𝐼
 × t × 4.53236                                                                                         (3.3) 
The electrical conductivity σ is the inverse of resistivity which is illustrated in the below 
equation as 1/ƿ                                                                                                                   (3.4) 
𝜎  Is the conductivity of the compressed pellet film (in S/cm) 
In this work, 5mg of the film sample was placed in a hollow cylinder with inner diameter of 5 
mm. The powder was compressed to produce the sample pellets. Four probe testers were used 
to measure the sheet resistance of the samples and a gauge was used to measure the thickness 











           
 
                 
                  Fig. 3.3 Schematic diagram of a four-point collinear probe method. 
 
3.2.2 Thermal analysis 
 
The physical or chemical changes in a material in relation to thermal properties could be 
detected using thermal analysis. This technique includes differential thermal analysis (DTA), 
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3.2.3 Thermogravimetric analysis 
 
Continuous weighing of a sample as a function of temperature and/or as a function of time at 
a desired temperature is referred to as Thermogravimetric analysis (TGA) (185). Differential 
Thermal Analysis (DTA) is another thermoanalytic technique very closed to the DSC that can 
be coupled with TGA on the same device. The difference with DSC is that, instead of 
measuring the heat power difference between the reference and the sample which is necessary 
to keep them at the same temperature, it measures directly the difference of temperature 
between them. During TGA technique, the sample is usually heated between 10oC/min from 
room temperature up to 10000C. It usually involves combinations of programmed and 
isothermal steps. It could be carried out in different types of atmosphere i.e. static flowing inert 
gas or a vacuum. Instruments that come with mass spectrometry makes it possible to identify 
the nature of the weight changes revealed by TGA.  
In this wok, the weight change of polyaniline powder, polyaniline-multi wall carbon nanotubes 
composites with respect to applied temperature was determined using TGA technique. The 
instrument used was SDT- Q600 Thermo Gravimetric Analyser with Differential Scanning 
Calorimeter (TGA-DSC). The experiment was carried out in an inert flowing gas nitrogen. The 
temperature was increased at a rate of 10oC/min from room temperature to 1000oC. 
 
3.2.4 Differential scanning calorimetry 
 
Evaporation (physical transformation) or decomposition (chemical transformation) are both 
associated with endothermic (heat absorption) or exothermic (heat liberation) (185). 
Differential Scanning Calorimetry (DSC) allows to measure thermal phenomenon associated 
to the different polymer transitions. It is used to determine glass-transition and melting 
temperatures, respectively Tg and Tf, and to highlight recrystallization, degradation or solvent 
evaporation phenomenon. In cases where thermal event characteristic of a particular material 
occurs and differential heat flow exists, DSC will register a signal. It is a universal technique 
that is applicable in most classes of materials such as decomposition, gelation, polymerization, 
evaluation of phase transformation like glass transition, solidification, melting etc.  In this work 
DSC was carried out on Thermo DSC Q 2000 With Thermo DSC Refrigerated Cooling System 




3.2.5 Fourier transform infrared spectroscopy 
 
FTIR is used to measure different chemical structures (molecules) from samples. It uses 
interferometry to record information about a material placed in the IR beam and the result is 
transformed in spectra which analysts often use to identify or quantify materials. 
Characterisation of vibrations in molecules by measuring the absorption of light of certain 
energies that has close similarity to the vibrational excitation of the molecules from lower to 
higher states could be done using Fourier Transform Infrared Spectroscopy (FTIR) method. It 
is a simple technique that allows getting information on functional organic compounds. It is 
based on the study of chemical bounds vibration resulting from IR beams included between 
4000 and 400 cm−1. Each wavelength absorption leading to bound vibrations is characteristic 
of one functional group. It is possible to distinguish 2 different vibration mode types which are 
stretching (ν) and bending (δ). In this thesis, FTIR was carried out using FTIR spectrometer 
(Thermofischer scientific, Nicolet 670, UK). 
 
3.2.6 Scanning electron microscope 
 
Scanning electron microscopy (SEM) is used to visualize crystal shape, dispersed and 
agglomerated nanoparticles, surface morphology and surface functionalisation. It can examine 
each particle as well as the aggregate particles, individually; which makes the method to be 
considered as an absolute measurement of particle size. It uses focused beams of electrons to 
render high resolution, three-dimensional images across a sample surface and secondary 
electrons are ejected from the surface. Upon interacting with a solid, secondary electron images 
are generated by synchronizing the optical output of the detector system with the raster scan of 
the electron probe across the solid surface.  SEM images provide information on topography, 
morphology and composition. In this thesis SEM examination was carried out on Hitachi 






3.2.7 Ultraviolet–visible spectroscopy 
 
The Ultraviolet–visible spectroscopy is a quantitative analytical technique used to evaluate 
absorption of near-ultraviolet (180–390 nm) or visible (390–780 nm) radiation by chemical 
species in solution(186). The energy that gives rise to electronic transitions are provided by 
both near-ultraviolet and the visible regions of the electromagnetic spectrum. UV-vis technique 
is commonly used for quantitative analysis rather than identification purposes because the UV-
vis spectra of analyte in solution show fine structure due to superimposition of vibrational and 
rotational transitions. Experimentally, the amount of radiation absorbed and the concentration 
of the analyte in solution are directly related and this relationship is referred as Beer’s law. In 
this thesis, UV-vis technique was carried out using Jenway™ 6305 UV/Visible 
spectrophotometer and solutions was prepared by dissolving each sample in NMP (N-Methyl-
2-pyrrolidone) which was used to quantify chemical differences in the water-soluble 
compound. 
 
3.2.8 Cyclic voltammetry 
 
Cyclic voltammetry (CV) is a powerful and popular electrochemical technique commonly 
employed to investigate the reduction and oxidation processes of molecular species, it can also 
be used to investigate the electrochemical properties of conductive materials. The current 
response is recorded when a potential scan is applied to the working electrode at a constant 
scan rate in a forward direction and reverse directions. This could be once or several times 
depending on the requirement. In this thesis, Cyclic voltammetry (CV) experiments were 
performed using electrochemical workstation (CHI 660 ) with a conventional three electrode 
cell configuration that contained a modified GCE as the working electrode, a platinum mesh 
as the counter electrode and an Ag/AgCl (saturated KCl) as the reference electrode. 
 
3.2.9 Amperometric detection  
 
Amperometric describe a process where changes in current are measured. The migrating ions 
are subjected to a potential difference, and the generated current is measured. It is based on 
electrochemical cell that consists of a working electrode, reference electrode and a counter 
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electrode which are in connection through an electrolyte phase. The electrochemical reaction 
involving the analyte is carried out on the working electrode. The analytical signal response is 
the current between the counter electrode and the working electrode. The electrochemical cell 
is set up in such a way that it works in the diffusion-limited mode (187) and the working 
electrode potential is not affected by the current. In this instance, the analyte displays a slow 
mass-transfer rate while the diffusion controls the Faradaic current rather than electrode 
reaction kinetics (188). This gives a reliable current reading that is dependence on the analyte 
concentration (189). In this thesis, amperometric measurement was carried out using 
electrochemical workstation (CHI 660) with a conventional three electrode cell configuration. 
















4 POLYANILINE NANOFIBER: SYNTHESIS VIA 
INTERFACIAL POLYMERISATION 




There are a variety of approaches to chemically and electrochemically synthesize 
nanostructured electronic polymers (190). Synthesis of polyaniline has been carried out by 
polymerizing the monomer with the aid of either a “soft” or a “hard” template. Examples of 
soft templates include polyacids, liquid crystals, surfactants, thiolated cyclodextrins, micelles 
and hard templates such as track-etched polycarbonate, anodized alumina and zeolite. They are 
all reported to be capable of synthesising PANI 1-D nanostructures with diameters smaller than 
100 nm. Recently conducting polymer nanofibers and nanotubes with diameters in the range 
of 650–80 nm have been obtained using a new approach. In this new approach, a “non-
template” method was adopted in which large organic dopant anions were used during the 
reaction (191). The organic anions have properties like that of “surfactant" and also forms 
aggregates in solution that act as pseudo-templates for polymer growth. 
Despite the variety of approaches used to synthesis polyaniline nanostructures, there is need 
for a more practical synthetic method that can make template-free, uniform and pure 
polyaniline nanostructures with small diameters (sub-100 nm) in bulk quantities. Such method 
should be useful for making low-dimensional, ultra-small structures, such as sensors. 
Interfacial polymerization is the best among all of these approaches. It could be regarded as a 
non-template approach in which local concentrations of both dopant and monomer anion at the 
liquid–liquid interface promote monomer–anion or oligomer–anion aggregates formation. The 
formed aggregates could act as nucleation sites for polymerization that will result in powders 
with fiber-like morphology. 
In this work, polyaniline emeraldine base was synthesised by interfacial polymerization of 
aniline in aqueous acidic media (HCl) using ammonium peroxydisulfate, (NH4)2S2O8, as the 
oxidizing agent. Different types of oxidizing agent have been used while synthesizing 
polyaniline but ammonium peroxydisulfate is the most commonly used because it gives the 
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highest yield of polyaniline (192). It was also reported that when ammonium peroxydisulfate 
is used, the degree of oxidation of the polymer as well as the conductivity are independent of 
the value of the initial aniline/ peroxydisulfate mole ratio (r). From previous findings, the mole 
ratio of the oxidizing agent to that of the aniline (oxidant/aniline) is approximately 1.25 which 
is regarded as a stoichiometric equivalent of oxidant. However, r > 1.25 results in over-
oxidation of the polyaniline which decrease the conductivity of polyaniline and r < than 0.25 
incorporates a stoichiometric deficiency of the oxidant with respect to aniline (18). 




4.2.1 Materials and methods 
 
Aniline monomer (99% purity) was purchased from Sigma Aldrich, United Kingdom and 
stored at room temperature before use. Ammonium persulfate (APS), dichloromethane CH2Cl2 
and hydrochloric acid (HCl, 37%) were used as received from Sigma Aldrich, United 
Kingdom. All reagents and solvents were used as received unless otherwise specified. 
Thermogravimetric analysis (TGA) was conducted in air and differential scanning calorimetry 
(DSC) was conducted in nitrogen atmospheres with a heating rate of 100 C/min. Scanning 
electron microscopy (SEM) Samples were not sputtered with any metallic coating because the 
samples prepared are already good conductor. UV-vis spectra were obtained by dissolving 10 
mg of each sample in 1L of N-methyl-2-pyrrolidone (NMP). 
 
4.2.2 Synthesis of PANI 
 
In a typical synthesis, aniline (2.5ml, 0.027 mol) was dissolved in an organic solvent 
dichloromethane CH2Cl2 (25ml), while oxidizing agent, ammonium persulfate (NH4)2S2O8  
(6.15g, 0.027 mol) was dissolved in 125 ml of aq. 1.0M solution of the dopant hydrochloric 
acid (HCL). The two solutions were carefully transferred to a beaker, generating an interface 
between the two layers. The APS/1.0 M HCl solution forms the upper aqueous layer and 
aniline/CH2Cl2 solution forms the lower organic layer. After 2-4 minutes, green polyaniline 
forms at the interface and then gradually diffuses into the aqueous phase. At the early stage of 
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the reaction (5 min), a gradual darkening could be observed at the interface followed by thin 
streams of dark blue-green material sinking gradually into the aqueous phase. After 24 hrs, the 
entire aqueous phase changed to solid dark-green polyaniline while the organic layer appears 
light brown probably due to aniline oligomers formation. The solid aqueous phase was suction 
filtered, and by-products were removed by filtration using Quantitative filter papers (ashless 
grades, 2.5 μM). The dark green precipitate was washed repeatedly with distilled water using 
a Buchner funnel. It was washed repeatedly until the distilled water was colourless and further 
washed with methanol. The liquid level in the filter should be constantly adjusted to be above 
the top of the precipitate so as to prevent cracking. The sample was filtered, washed with 
distilled water (1liter), and finally allowed to dry at room temperature for 3 days to give 0.72g 
of polyaniline which is approximately 28% yield of the starting aniline monomer. Thus, 
polyaniline existed in its doped form (emeraldine salt) which is going to be referred to as PANI 
throughout this work. When washing was completed, part of the green precipitate (emeraldine 
salt) was converted into the base form by immersing and stirring the already prepared 
polyaniline sample in excess Ammonia solution, NH3 (32%) for 24 hours. The sample was 
filtered, washed with distilled water (1liter), and finally allowed to dry at room temperature for 
3 days to give polyaniline emeraldine base. 
 
                                   
  
Fig. 4.1 Photographic images showing the steps of interfacial polymerization of PANI. 
 
4.3  Results and discussion 
 
Polyaniline was synthesized at room temperature. The resultant powder polymer was 
characterized by several techniques like DC-Conductivity Measurement, Thermal Analysis, 
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(TGA, DSC), FTIR Analysis, UV-vis spectra and Morphological (SEM) Analysis. Detailed 
results of these analysis are discussed in this Chapter. 
 
4.3.1 Conductivity measurement analysis 
 
The doped polyaniline powder synthesized at room temperature displayed conductivity in the 
range of 1.96x10-2 S/cm using equation 3.4 above. When PANI was converted to base form 
(suspended in ammonia solution), the conductivity was out of detection limit (1x10-6 S/cm). 
This is in agreement with previously published work which states that the conductivity of de-
doped PANI is between 1x10-7 S/cm - 1x10-10 S/cm, thus classify PANI as an insulator without 
doping.   
 
4.3.2 Thermal analysis 
 
The thermal behaviour of polyaniline synthesized with HCL was studied using TGA and DSC 
methods so as to find the best processing conditions.  
 
Fig. 4.2 TGA of pure PANI powder with heating rate of 10 0C /min under flowing air  
 
Fig. 4.2 shows the TGA results of pure PANI powder prepared at room temperature. One major 

















could be attributed to moisture evaporation or expulsion of the absorbed water. Structural 
decomposition of the polymer could be observed at higher temperature. Polyaniline emeraldine 
base started degrading at about 360 0C and decomposed completely at about 630 0C. The 
sample pan had no residue left after the test. 
 
                             
Fig. 4.3 DSC results of pure PANI powder with heating rate of 10 oC under nitrogen. 
 
Thermal transition temperatures such as glass transitions, melting, cross-linking reaction, and 
decomposition are most commonly determined using DSC, although it only measures the sum 
of all the thermal transitions and the total heat flow in the sample. From the result in Fig. 4.3, 
there are two peaks, first endothermic and second exothermic. The endothermic peak is 
between 10 0C-140 0C and the exothermic peak at 150 0C – 360 0C. Based on literature 
previously reported (193) PANI powder had noticeable moisture content and for this reason, 
the endothermic peak was most likely due to the vaporization of water. This is consistent with 
the TGA results. The exothermic peak from the result above could not be attributed to 
decomposition since there was no weight loss during this temperature range as determined by 
TGA. Recrystallization or crosslinking reaction was responsible for the chemical process 























Calculating the enthalpy change in a chemical reaction could determine if the reaction is 
endothermic or exothermic. Chemical reactions transform both matter and energy.  
At constant pressure, heat flow equals enthalpy change: 
∆H = Hfinal – Hinitial 
If the enthalpy change listed for a reaction is negative, then that reaction releases heat as it 
proceeds, the reaction is exothermic. If the enthalpy change listed for the reaction is positive, 
then that reaction absorbs heat as it proceeds, the reaction is endothermic. 
 
 
4.3.3 Fourier transform infrared spectroscopy 
 
Fig. 4.4 shows the Fourier transform infrared spectroscopy analysis of pure PANI powder 
prepared at room temperature. FTIR studies are useful to identify functional groups and 
chemical bonds of the sample mixtures. In the spectra, every wave-length of light absorbed is 
characteristic of a specific chemical bond.   
 

























The common bands or major vibrational bands are 821, 1292, 1496, 1587 and 3231 cm-1 
respectively. These values correspond with previously published values in literatures (195). 
The bands close to 821 cm-1 are characteristic of the p-substituted chains and are seen in all 
spectra with a small displacement according to the synthesis temperature. It displayed the C=N 
stretching band of the secondary aromatic amine at 1292 cm-1, benzenoid rings at 1500 cm-1, 
the C=C stretching deformation of the quinoid structure at 1587 cm-1 and the characteristic 
bands of secondary amine (N-H) at 3231cm-1. These peaks are due to the presence of aromatic 
amines present in all types of polyaniline discussed in this work and the intensity of these bands 
gives an idea of the oxidation state of polyaniline when they present similar intensities. 
Conclusively, the presence of wider band instead of a peak is due to the presence of a high 
concentration of these groups in the sample 
 
4.3.4 Quantitative analysis: UV-Vis Absorption and Emission Studies 
 
Characterization of the interfacial interaction of PANI was evaluated using UV-Vis absorption 
measurements in Fig. 4.5. Solutions of 10.0 mg/L was prepared by dissolving PANI sample in 
N-Methyl-2-pyrrolidone (NMP). The pure polyaniline sample show two UV-absorption peaks 
at 405 nm and 700 nm. These two peaks could simply be attributed to π-π* transition of quinoid 
ring and benzenoid ring respectively (196). This result could simply mean that hydrochloric 
acid (HCL) dopant was removed from PANI during the process of drying of the sample.    
 
   


























4.3.5 Morphological analysis 
 
Morphological studies are very crucial to investigating the intrinsic characteristics of the 
polymer. They are explanatory enough and are basically used to determine the dependence of 
morphology upon variables such as different anions employed in the synthesis as well as 
difference in chemical procedures.  Fig. 4.6 shows the morphology of polyaniline emeraldine 
base powder synthesized at room temperature. 
 
                                                                                       
 
Fig. 4.6 SEM micrographs of PANI powder synthesized at room temperature. 
 
The SEM photographs show typical features of the polymer. PANI appears in the form of 
nanofibers with an average diameter of 15-20 µm and length of several tens of µm. Both 
photographs shows that the sample appears to be exclusively nanofiber with a porous structure. 
It could be seen from the photographs that the sample fibre tends to agglomerate into 




Active dopants make it possible to control fiber diameter in the synthesis of polyaniline using 




polymer backbone contains equal population of quinoid and benzenoid rings. The conductivity 
test showed that polyaniline acted as an electrically conductive material in the protonated 
emeraldine salt form but was out of detection limit in the base form. 
This simple aqueous/organic interfacial synthesis shows that:- 
 Purification and synthesis are simple with no template-removing steps needed 
 Uniform doped polyaniline powder are readily produced 
 The synthesis steps are easy and reproducible which yielded doped polyaniline powder 
of the same morphology, uniformity and size distribution 
 Doped polyaniline powder diameter is at nanoscale, which will aid their superior 
performance as electrochemical sensors. 
 Since the polyaniline powder are readily dispersed in NMP, it makes the processing 





















                                           
5 PREPARATION AND CHARACTERISATION 
OF POLYANILINE-CARBON NANOTUBE 
COMPOSITE 
 
5.1  Introduction 
 
Electroactive polymers have been an area of keen interest for the past 41 years since the first 
discovery of conducting polyacetylene in 1977 by Shirakawa et al (52). The combination of 
metal like conductivity, doping and de-doping reversibility, possibility of fine tuning the 
conductivity by adjusting the doping level have opened up many new possibilities for 
fabricating devices such as battery, sensors and microelectronics (197). Among them, 
polyaniline is one of the most promising conducting polymers, because it can be easily prepared 
and possesses some unique properties. Although polyaniline is a very promising material with 
very unique properties, its poor solubility and processibility in most common solvents limit its 
practical applications (198). However, the discovery of fullerenes  and carbon nanotubes  
opened up a new opportunity to explore the possibility of nanocomposite synthesis (199). Since 
the focus on nanotechnology has shifted from synthesis to applications, it is only logical to find 
a new way of combining existing materials as nanocomposite so as to exploit their 
complementary properties. Carbon nanotubes has good electrical conductivity, high chemical 
stability, extremely high mechanical strength making them capable of fabricating 
multifunctional nanocomposites with excellent electronic and mechanical properties. 
Combining polyaniline and carbon nanotube should effectively solve the problems stated 
above using the synergetic combination of carbon nanotube’s excellent mechanical properties 
and polyaniline’s interesting redox behaviour (200). Introducing functionalised multiwall 
carbon nanotubes in the matrix will effectively improve charge transfer processes and 
ultimately enhance the electrical properties of resulting composite material. Various methods 
for functionalising carbon nanotube in corrosive and oxidizing mineral acids with or without 
sonication have been reported in literature. It is possible that most of the above stated 
approaches would have damaged carbon nanotube, resulting in oxidized carbon nanotube. 
Polyaniline-functionalised multiwalled carbon nanotube composites can be synthesised by 
various electrochemical/chemical method but interfacial polymerisation method is the most 
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novel and recent method because polymerisation is rapid and occurs at low temperature. 
Furthermore, this approach is assumed to be less destructive and the reaction can be controlled 
at the interface of the aqueous – organic biphasic system to give nano-sized polymeric material 
(201). The acidic medium of the polymer plays an important role for both reaction efficiency 
and handling safety. They are acidic enough to protonate carbon nanotube and at the same time 
mild enough not to damage it. Furthermore, the high viscosity of the polymer enables 
realignment when individual carbon nanotubes and small carbon nanotubes bundles (few tubes 
together) are separated and isolated (202). This will avoid damages to high electrical and 
thermal properties of carbon nanotubes.  
In this work, polyaniline was covalently coated to the surface of multiwalled carbon nanotubes 
without stirring or physical agitation by interfacial polymerisation technique using 
dichloromethane in organic phase and ammonium persulfate as oxidant. Different percentage 
concentrations of carbon nanotubes to PANI were prepared so as to get the best processing 
condition of the composite. This simple method is expected to result in significantly improved 
composite material compared to pure polyaniline emeraldine base powder. 
 
5.2  Experimental 
 
5.2.1 Materials and methods 
 
Commercial Multi-Walled Carbon Nanotubes (MWCNT) with 95% purity, sulfuric acid 
(H2SO4), nitric acid (HNO3), were purchased from Sigma Aldrich, United Kingdom.  Aniline 
monomer (99% purity) was also purchased from Sigma Aldrich, United Kingdom and stored 
at room temperature before use. Ammonium persulphate (APS) and hydrochloric acid (HCl, 
37%) were used as received from Sigma Aldrich, United Kingdom. 
 
5.2.2 Synthesis of PANI-MWCNT composite 
 
Functionalisation of MWCNT -:  In order to form the multifunctional composite of carbon 
nanotubes (CNTs), it is very important to get a good stable dispersion of filler within the 
polymer matrix. But CNTs tends to aggregate quickly in aqueous solution due to its extreme 
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hydrophobic nature. The basic strategy to eliminate this problem will be the addition of 
hydrophilic groups to the sidewalls through functionalisation. It generally involves generating 
chemical moieties on their surface so as to improve processibility and solubility. Using 3:1 
concentrated H2SO4/HNO3 mixture will typically cut the tangled long ropes of MWCNTs into 
open ended-short pipes in order to produce many carboxylic groups at the open end. The –
COOH groups are attached on CNTs by a chemical reaction in the presence of HNO3 and 
H2SO4. In a typical synthesis, 0.5g of MWCNT was ultra-sonicated in a 60 ml mixture of 
concentrated sulphuric acid (H2SO4) and nitric acid (HNO3) with a ratio of 3:1 (v/v) for 6 hours 
at room temperature. After sonication was complete, the solution was filtered and washed with 
double distilled water till the pH became neutral. It was dried in an oven at 80 degrees for 
further 4 hours. The fine black powder was obtained as functionalised MWCNTs (f-MWCNT). 
Effect of Carbon nanotube functionalisation on dispersion -:  Previous report has shown that 
carboxyl (–COOH) functionalised carbon nanotubes compared to pristine carbon nanotube, 
have good dispersion in polymer matrices (203). Comparative experiment was carried out to 
verify the effect of surface functionalisation on the carbon nanotube.  
 
                                            
                                    (A)                                                           (B) 
Fig. 5.1 Photographic image showing comparative studies of functionalised and pristine 
MWCNTs in their dispersion with PANI in common solvent: (A) initial dispersion and (B) 
dispersion after 24 hrs.                                   
 
Functionalized carbon nanotubes and pristine carbon nanotube were dispersed with PANI in 
m-cresol under similar conditions. F-MWCNT (0.16mg/mL) and pristine MWCNTs (0.18 
mg/mL) were sonicated separately for 10 minutes. PANI with a concentration of 0.17 g/ml was 
fmwcnt fmwcnt mwcnt mwcnt 
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added to both solutions. Both solutions were sonicated for 1 hour. The solutions were well 
dispersed as illustrated in Fig. 5.1. After 24 hours, phase separation could be observed from 
the pristine MWCNTs solution. Since both solutions went through the same processing steps, 
F-MWCNT is stable, well dispersed with no phase separation compared to pristine MWCNTs. 
This easy and simple test verified that carboxyl functionalised carbon nanotubes had better 
dispersion in PANI compared to pristine MWCNTs. This indicates that the covalent bond 
between carbon nanotubes and the polymer matrix prevent nanotubes from agglomerating and 
forming bundles due to surface functionalisation. 
PANI-F-MWCNT composite -: In a solution containing aniline (2.0g, 0.021 mol) and 
dichloromethane CH2Cl2 (10 mL), 0.2g (10wt % of functionalised multiwalled carbon 
nanotubes in aniline monomer) was added and the solution was sonicated at room temperature 
for 1 hour to disperse the carbon nanotubes. Ammonium peroxydisulfate (6.15g, 0.027 mol) 
was dissolved in 125 mL of 1.0 M HCl aqueous solution. When sonication was complete, the 
ammonium peroxydisulfate/1.0 M HCl solution was added slowly to the aniline/F-MWCNT/ 
CH2Cl2 solution from the side of the beaker. After a few minutes, the light green suspension 
turned darker indicating good polymerization of aniline as illustrated in Fig. 5.2.  
 
              
 
Fig. 5.2 Photographs showing progress of static interfacial polymerization reaction for 24 
hours. The colour of top aqueous layer turned darker and that of bottom organic layer 
containing f-MWCNT changed from light pink to dark pinkish colour. 
 
The resulting greenish-black precipitates were vacuum filtered using a Buchner funnel and 
flask with water aspirator, washed with distilled water and further washed with methanol. The 
resulting sample was dried at room temperature for three days and pressed into powder using 
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agate mortar. The yield of the synthesized powder was approximately (0.91g) 36% of the 
aniline starting material. Different composites were synthesized by this process, using 2 wt. %, 
4 wt. %, 6 wt. %, 8 wt. %, and 12 wt. % of F-MWCNT in weight of aniline monomer. 
 
5.3 Results and discussion 
 
Composites of doped polyaniline with multiwalled carbon nanotubes was synthesised by 
interfacial polymerization and the properties of the polymer was characterised and analysed in 
this section. 
 
5.3.1 Mechanism of composite formation for PANI/MWCNT 
 
Tubular composites formation could have originated from the strong interconnection between 
f-multi wall carbon nanotubes and aniline monomer. The interconnection possibly arises from 
the π - π electron interaction between the aniline monomer and f-multi wall carbon nanotubes. 
Aniline monomer adsorbed on the surface of f-multi wall carbon nanotubes during the 
formation of tubular composite is due to the strong interconnection between them. This will 










The strong interconnection between aniline monomers and functionalised multiwall carbon 
nanotubes makes it possible for aniline molecules to wedge tightly into such “special gaps” as 
well as the interfacial polymerization mechanism. A better explanation of the mechanism could 
be simply put as follows. Aniline hydrochloride ions get adsorbed on nanotube surface when 
carbon nanotubes are dispersed in HCl/aniline solution. By adding the oxidant (ammonium 
persulfate), cation radicals are formed when the adsorbed species get oxidized which further 
initiates polymerization on the surface. Due to low activation energy (based on the principles 
of heterogeneous catalysis) the reaction is slow in the bulk but faster on the surface of carbon 
nanotube. This makes it possible for nanotubes to act as template for the formation of tubular 
composites. Since the carbon nanotubes are functionalized, they would be well dispersed and 
the adsorption of aniline hydrochloride will be relatively high and uniform, which will further 
form a thick uniform coating of polyaniline. 
 
              
 
 




5.3.2 Fourier transform infrared spectroscopy analysis for PANI and PANI/MWCNT 
 
Fig. 5.5 below shows the FTIR spectra for the pure polyaniline and polyaniline/functionalised 
multiwall carbon nanotube composites. 
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Fig. 5.5 FTIR spectra of pure PANI and PANI/MWCNT composites.  
 
There are indications of oxidation state of PANI, since both spectra display presence of 
benzenoid and quinoid ring vibrations between 1500 cm-1 and 1598 cm-1 respectively. The 
FTIR spectrum of the PANI/MWCNTs composite displayed almost identical characteristic as 
that of pure PANI sample with stronger common bands or major vibrational bands. For 
instance, PANI/MWCNTs exhibit a strong benzenoid band at 1598 cm-1 compared to pure 
PANI at 1587 cm-1.  The result of this composite spectra confirms that F-.MCNT had been 































have combined tightly with the conjugated structure of polyaniline, notably through the quinoid 
ring. 
5.3.3 Morphological analysis for PANI/MWCNT 
 
The aim of using interfacial polymerization method is to effectively suppress secondary growth 
of polyaniline structure. It has found much use in industrial applications and it is currently used 
for the industrial production of polycarbonates. From the microscopic image in Fig. 5.6 below, 
tubular type morphology of the composite could be observed which has a core-shell structure. 
It could be seen that the functionalised carbon nanotubes encapsulated the polyaniline shell. It 
has a heterogeneous morphological structure in the form of agglomerates and the diameters in 
the tubular composite are high compared to the pure polyaniline sample diameters. 
Specifically, polyaniline nanofibers show much less ordered structure as shown in Fig. 4.6 
compared to that of polyaniline-carbon nanotube composites in Fig 5.6. It is also uniformly, 
thickly coated with polyaniline and the core shell tube are almost of uniform diameter in the 
range of 90-95 nm. From this microscopic images, it could be concluded that the tubes in the 
composite became crowded proportionally to the percentage of functionalize multiwall carbon 
nanotube used in the composite.  The shell diameter depends on polyaniline content in the 
composites. Gupta and Miura have reported that beyond 73 wt. % of polyaniline, the wrapping 
gets terminated and the polyaniline is deposited independently around the surface of the 
composite (205). 
 
                
                                                               





5.3.4 Thermal gravimetric analysis for PANI/MWCNT   
 
TGA was used to study thermo-oxidative stability of the composite material compared to pure 
PANI sample. Both samples lost 5% weight at 396 0C and 415 0C respectively. The results 
show that the thermo-oxidative stability of PANI-MWCNT is 19 0C higher than that of PANI 
sample. However, PANI underwent complete degradation at 610 0C with no residue left in the 
sample pan after the test, but PANI-MWCNT has some residue even when the temperature 
reached 1000 0C. The result indicated that PANI-MWCNT composite sample is more stable 
compared to PANI sample. 
 
 
Fig. 5.7 Thermogravimetric analysis (TGA) of PANI/MWWNT composites and pure PANI 
with heating rate of 10 oC under nitrogen flow. 
 
5.3.5 UV-Vis absorption analysis for PANI/MWCNT 
 
PANI/F-MWCNT composites sample show a single peak of 415 nm which was shifted by 10 
nm compared to that of Pure PANI sample. Impressively, the π-π transition of quinoid ring 





















π-π interactions between conjugated polymer and carbon nanotubes always result in polymer 
absorption peaks broadening or band shift characteristics (206). This simply implies that the 
peak had disappeared because of the close interaction between MWCNTs and quinoid ring.  
Since MWCNNTs could act as a conducting bridge as well as serving as a non-volatile electron 
deficient dopant, the interaction could likely be related to the observed conductivity of pure 
PANI and PANI/MWCNTs composite. 
 
 
                  
Fig. 5.8 UV-Vis absorption analysis of Polyaniline/F-Multi wall carbon nanotube composites 
and Pure Polyaniline Emeraldine base after dialysis with NMP (N-Methyl 2-pyrrolidone). 
 
5.3.6 Cyclic voltammetry for PANI/MWCNT 
 
PANI and PANI-MWNCTs were characterized by cyclic voltammetry using a three-electrode 
electrochemical cell. Sample solution was prepared in m-cresol (10 – 90 % w/v) and a simple 
drop casting technique was used to deposit the sample on the glassy carbon electrode. The 
electrode was used as the working electrode after drying. 0.1 M aqueous sulfuric acid solution 
was used for this cyclic voltammetry experiment with a scan rate of 0.1 V/s in the potential of 
-0.25 and 1 V respectively. The three electrode system consist of glassy carbon electrode as 




























reference electrode. Potential values in these experiments are reported as a function of 
Ag/AgCl. From Fig. 5.9 below, PANI and PANI-MWNCTs show reduction and oxidation 
peaks at approximately 0.35 and 0.55 V against Ag/AgCl. This simply implies that polyaniline 
undergoes two sequential single-electron transfer processes (207). They additionally showed a 
consistent redox process from the first to ninth scan. Taking a closer look, the result showed 
that PANI-MWNCT composites output current is bigger than that of pure PANI sample. 
Estimating the capacitive current, the scan rate indicated that the specific capacitance of PANI-
MWNCT composites is much bigger than that of pure PANI Sample. 
 
 
Fig. 5.9 Cyclic Voltammetry of Polyaniline/F-Multi wall carbon nanotube composites and Pure 
Polyaniline sample. 
 
5.3.7 Conductivity measurement analysis for PANI/MWCNT 
 
The conductivity of the samples was calculated using equation (3.4) above. PANI/MCNNTs 
composite’s conductivity was calculated as 1.21 S/cm which is higher than that of pure PANI 
1.96x10-2 S/cm. Just as illustrated earlier above, the conductivity of de-doped PANI was out of 
detection limit of the instrument but that of PANI/MCNNTs composite was still high at a region 





























irrespective of its doping state possibly because MCNNTs act as a conducting bridge as well 
as acting as a non-volatile dopant. Further test was carried out, so as to evaluate the room-
temperature conductivity of PANI/MWCNT composites as a function of carbon nanotube 
loading. Using four probe method, pure PANI conductivity was 1.96x10-2 S/cm and that of the 
MWCNTs was 1.94 S/cm. Up until 10wt % loading, the conductivity of the composite 
increases with an increase of the MWCNT loading (Table 1).  
 
Table 1 Room temperature conductivity measurement of PANI/MWCNT 
Composite (wt. %) σ(296k)S/cm 
































For 10wt % loading, the conductivity was 1.21 S/cm which increases by two orders of 
magnitude as compared with pure PANI. From this result, it could be observed that, at higher 
concentration of MWCNT (12wt % loading) increase in conductivity will reach a state of little 
or no change because the curve reaches toward pure nanotubes conductivity of 1.94 S/cm. 
Although in various publish published articles, the loading of nanotubes is small (less than 5%) 
but the conductivity becomes saturated at higher loading of carbon nanotube. This could 
possibly be due to using highly conductive carbon nanotube (5.1×104 S/cm) (208). 
Conclusively, hybridization of PANI and F-MWCNT significantly increased the conductivity 
of the composites compared to that of pure PANI, demonstrating that multi walled carbon 
nanotube is a good dopant in carbon nanotube based composites (209). The increase in 
conductivity of PANI/F-MCNNT composites compared to pure PANI samples could simply 
means that when PANI is covalently attached on the surface of F-MWCNT, polyaniline would 
provide chemical affinity to effect the wrapping of free PANI to the composites while F-




 Multiwall carbon nanotube was functionalised effectively and polyaniline - carbon nanotube 
composite was synthesised using interfacial polymerisation method. Different analytical 
technique like FTIR, SEM, UV-Vis and CV was used to evaluate the structures and properties 
of the composite. The composite sample shows a very significant conductivity compared to the 
pure polyaniline sample. This shows that multiwall carbon nanotube acted as a conducting 
bridge and as excellent electron acceptor. Pure polyaniline was out of detection limit after de-
doping but nanocomposite with functionalise carbon nanotube shows a very good conductivity. 







6 POLYANILINE-CARBON NANOTUBE 
COMPOSITE THIN SOLID FILM  
 
6.1  Introduction 
 
Overlap of molecular orbitals is responsible for charge transport in organic materials. In 
particular, the degree of overlap between the wave functions of the orbitals is directly related 
to the intermolecular electronic coupling (210) which is further responsive to geometric 
packing of molecules and molecular architectures in film formation. Typical organic electronic 
device always has an active layer with thickness of about 100 nm (211).The amounts of 
materials in the bulk and at the interface of the substrates becomes comparable when confined 
to such thicknesses. A number of factors can contribute to the difference between electronic 
properties in thin films from that of bulk counterpart. One of such factors is interfacial 
contribution (e.g. surface roughness) at the interface of film substrate. Secondly, deposition 
method with factors like solution concentration and rate of deposition plays a major role and 
finally post casting treatments (e.g. solvent evaporation or film heating which could be used to 
improve the structure and performance of the film). Reversible conducting – insulating 
transitions as well as changes in optical absorption has made PANI very attractive in the field 
of organic electronics (212). Theoretically, PANI is conductive but its poor solubility and 
processibility can lead to a poorly defined structure and packing defects when cast into films. 
Combining polyaniline with camphor sulfonic acid (CSA) will generate the conducting state 
of polyaniline and the solubility was induced by the ionically bound organic counter-ions, 
thereby allowing the solution processing of PANI.  
One important factor when processing thin film is the processing solvent. Solvent cost, 
properties as well as its toxicity are important parameters to be considered when making 
composite thin films. Studies has shown that processing solvent influences the microstructure 
and charge carrier mobility in devices based on the well-studied semiconducting polymer poly- 
(3-hexylthiophene) (P3HT)(213).  Katunin et al. did a comparative study on NMP and m-cresol 
to dissolve PANI that was doped with camphorsulfonic acid to find the best processing solvent. 
Their result and findings show that, the dissolved PANI in m-cresol, formed thin uniform and 
continuous polymer film; it could be removed from the glass substrate and act as a self-standing 
membrane while that of PANI/NMP turned into black powder covering the glass slide in a non-
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uniform way (214). Also the conductivity of PANI/m-cresol measured with different 
techniques (e.g. cyclic voltammetry and chronoamperometry) were comparable while that of 
PANI/NMP differed when measured (214). These findings made m-cresol the most effective 
processing solvent when making composite thin films of PANI. Despite the fact that m-cresol 
was able to overcome initial problems associated with processing polyaniline, different 
processing technique and strategies have been employed to get the best processing condition 
(e.g. liquid or vapour phases deposition). 
Depending on the desired functionality and expectation of the resulting films, thin solid films 
are usually deposited from liquid or vapour phases. Vapour phase could either be chemical or 
physical. Vapour deposition can only be performed in a well-controlled atmosphere, usually in 
a vacuum with expensive equipment and energy intensive processes. Furthermore, the material 
often decomposes without being evaporated (215). Liquid phase technique for depositing 
colloidal suspension is less expensive and has some advantages over vapour phase technique, 
but it is less controllable. For this reason, it is required to conduct basic research and 
understanding to develop unique measures to make this liquid phase technique more reliable 
and precise. Most common ways of exploring solution processed thin solid film is by liquid 
patches or drying of the thin liquid films. They are deposited on the substrates by spin coating, 
spray coating, dip coating, drop casting and other similar methods. Although spray coating is 
the most facile and typically inexpensive, it is hard to control the uniformity of the film. Inkjet 
printing is more controllable but more applicable to lines fabrication than films due to its low 
throughput.  Drop-casting is another method for small-area films deposition, it is inexpensive, 
simple and produces uniform film when casted. Droplets with controlled size are dropped on 
the surface of the substrates, which spread upon impact, therefore drop casting is more 
controllable than spray coating.  
In this work, PANI/MWCNT in m-cresol solvent was used as the model solution. This is due 
to its high electronic conductivity, easy synthesis process, good redox reversibility and most 
importantly chemical stability. PANI/MWCNT is fabricated on fluorine-doped tin oxide 
(FTO)-coated glass substrates by using the drop-casting method. The advantage of using drop-
casting technique is that it can be easily controlled by adjusting the amount of the model 
solution. The deposition technique used for the prepared film was studied by simultaneously 
dropping two droplets of the model solution on the non-vibrating and vibrating substrates, 
while the physical characteristics and electrochemical properties of the resulting thin solid 
films was studied. Cyclic voltamogramm measurements was used to propose an optimum 
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amount of the composite film for the best electrochemical properties. In the end, thin films with 
the controlled number of PANI/MWCNT films for electrochemical applications were 
investigated. 
 
6.2  Experimental 
 
6.2.1 Material and methods 
 
M-cresol was used as received from Sigma Aldrich. Glass-based substrates (50mm × 50mm × 
2.2 mm) and FTO-coated glass (50mm × 50mm × 2.2 mm) were used in this work. Prior to 
drop-casting, the FTO and Glass-based substrates were consecutively cleaned in acetone, 
methanol, and deionized water and dried in a vacuum furnace. A portable digital surface 
profilometer (BYQTEC SRT-6223, MMU) was utilized to measure the roughness of the 
PANI/MWCNT deposits. The profilometer makes physical contact with the surface of both 
substrates and registers surface deformations and variations as fluctuations in friction and 
applied resistance, the result is displayed digitally on the profilometer. Electrochemical 
experiments were carried out with a conventional three-electrode system comprising of a thin 
film of composite material drop casted on the FTO glass as working electrode, platinum mesh 
as counter electrode and Ag/AgCl (saturated KCl) as reference electrode. All Potential values 
in these experiments are reported as a function of Ag/AgCl (KClsat). Cyclic voltammetry was 
conducted with a scan rate of 50 mV/s and in the potential of -6 and 0.6 V. 
 
6.2.2 Film preparation 
 
PANI/MWCNT composites (synthesised in previous chapter) were dissolved in m-cresol (0.01 
g/ml) so as to achieve a good spreading of the PANI/MWCNT droplets. Different concentration 
(0.005, 0.01, 0.02, 0.04 g/ml) of PANI/MWCNT were used to prepare the solutions for drop-
casting of the films. The nanocomposite films (0.01 g/ml) were drop-casted on both FTO-
coated glass substrates and glass-based substrates, kept for natural air-drying and used to 
evaluate the effect of vibration on spreading of the composite droplets on bare glass and FTO-
coated glass, in a prolonged time window of deposition. A cubic plastic box was installed inside 
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an ultrasonic bath to generate vibration. The ultrasonic bath operated at a frequency of 50 kHz 
and power of 10 W. The substrates were positioned in such a way that the vibration of the 
ultrasonic bath will be adequately transmitted to the film droplets. Two equal-sized droplets 
were casted simultaneously using two syringes fixed at 100 mm above the substrates. The 
droplets impacted the substrates with delay of about a few milliseconds even though, they were 
released simultaneously. This delay had a negligible effect on the deposition process. A spacing 
of 10mm was used in-between the droplets so as to allow proper thin film spreading when 
dried. Surface roughness of the film was measured on a line of about 1 mm passing through 
the centre of the fabricated films. Each of the samples were further deposited on the FTO-
coated glass substrates to investigate the electrochemical properties of the composite film.  
 
Time(s)     FTO Coated Glass                    Bare Glass 
   5                                                                          
 10                                         
  20                                       
  30                                       
  45                                       
  60                                       
 
Fig. 6.1 Photograph showing the effect of the substrate vibration on spreading of 




6.3  Results and discussion 
 
Composite solution of doped polyaniline with multi wall carbon nanotubes synthesised by 
interfacial polymerisation was drop casted to bare glass and FTO-coated glass to obtain films. 
The properties of the thin films were characterized and analysed in this section. 
 
6.3.1 Droplet behaviour as governed by thermodynamics and surface science  
 
Due to high viscosity of the composite solution, minor splash could be observed as seen in Fig. 
6.1 and the droplets stabilize with an apparent contact angle. Therefore, it could be concluded 
that the mode of deposition is ideal for film formation.  From Fig 6.1, images of the deposition 
and spreading of two simultaneous droplets of the composite solution on bare glass and FTO-
coated glass in a 60 s time window could be observed. Ristenpart et al. (216) gave some details 
about droplet bridging and the dynamics of contact line motion but that is beyond the scope of 
this work. The scope of this work is to study the droplet behaviour as governed by 
thermodynamics and surface science rather than hydrodynamics. Although the droplet spacing 
is small, the droplets came together as a complete film as time progresses. The droplets of the 
FTO-coated glass blend earlier than those on the bare glass substrate. Furthermore, the 
vibration enhances the deposition speed and accelerates droplet blend. This is due to contact 
line depinning (217) because vibration is responsible for the energy needed to overcome barrier 
of contact line motion. Comparing the results after 10s, only the droplets on the vibrating FTO-
coated glass show a complete blend. In all cases, the two droplets finally blend and form a 
liquid film. Fig. 6.2 illustrated the percentage of the surface coverage as a function of time. 
This was calculated by multiplying the length and width of the substrates to calculate its area 
in millimetres. The size of both FTO coated glass and bare coated glass was 20mm × 6.5mm.  
The total area of both substrates is 130mm2. The table below illustrated the percentage of area 







Table 2. Percentage of area covered as a function of time. 
FTO Coated Glass(s) Area covered 
{L×B(mm2} 
Total piece area 
{AC/130(mm} 
Area covered (%) 
60 76 0.58 58 
45 78 0.6 60 
30 69 0.53 53 
20 66 0.50 50 
10 51 0.39 39 
5 36 0.27 27 
Bare Glass    
60 63 0.48 48 
45 54 0.41 41 
30 57 0.43 43 
20 50 0.38 38 
10 33 0.25 25 
5 20 0.15 15 
 
The graph below illustrated the percentage of area covered as a function of time. 
 
Fig. 6.2 Graphical plot showing percentage time evolution of the substrate area covered by 
the composite film on FTO coated glass and bare glass with vibration effect. Vibration on the 























6.3.2 Surface roughness of dried PANI/MWCNT drop-cast film 
 
The characteristics of the composite’s deposits fabricated by drop-casting when dried was 
studied. Table 3 listed the surface roughness of the films on both bare glass and FTO-coated 
glass. A digital profilometer was used to measure the surface roughness. It uses high-precision 
data acquisition components to measure the distinct features of the substrate on micro-scales 
after making contacts with the film on the substrates surface. The average roughness of each 
film was therefore measured on a single line of approximately 1 mm, passing through the centre 
of the thin films, the result is displayed digitally on the profilometer.  
 
Table 3. Surface roughness of dried composite drop-cast films 
Substrates Vibration time(s) Surface roughness(µm) 
FTO coated glass 5 23.4 
FTO coated glass 10 20.2 
FTO coated glass 20 19.1 
FTO coated glass 30 18.7 
FTO coated glass 45 19.7 
FTO coated glass 60 21.6 
Bare glass 5 49.3 
Bare glass 10 31.7 
Bare glass 20 29.1 
Bare glass 30 25.1 
Bare glass 45 32.7 
Bare glass 60 35.3 
 
From the results, it could be observed that the deposits made on the smooth bare glass substrates 
have a higher roughness compared to that formed on the FTO-coated glass. Considering the 
fact that the bare glass without the composite film is smooth while the FTO-coated glass has 
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some roughness, it was observed that the deposit on the FTO coated glass was smother while 
that on the bare glass was slightly rough and this is because the textured surface of the FTO-
coated glass tends to reduce the instabilities, which further leads to levelling of the liquid 
surface and uniform thin sold film formation.  Furthermore, the table shows the effect of the 
vibration time on the roughness. Although vibration could improve the film uniformity, the 
vibration time should not be too long so as not to make the film too thin. From the table, the 
rate of the increase in coverage due to spreading slows down with time and surface roughness 
increases. After 30s of vibration time, the film roughness increases again, making the film 
unstable. It can be concluded that excessive and long vibration has a negative effect on the film 
uniformity. 
 
6.3.3 Photographical Images of PANI/MWCNT thin solid films 
 
The drop casted PANI film (0.01 g/ml) was examined before and after drying on both substrates 
and the representative image is shown in (Fig. 6.3). From (Fig. 6.3.1A and 6.3.2A), the centre 
of the film where both droplets joined together to form the thin solid film could be observed, 
and the overlap image showed the boundaries of the film after drying was shown in (Fig. 6.3.1B 
and 6.3.2B) . It could be observed that vibration plays an important role on both samples. From 
the FTO coated glass sample, the film was uniformly formed, and the film boundaries has no 
irregularities. But the film on the bare glass showed some random defects and the film 
boundaries had irregularities. This occurred during drying process due to dewetting mechanism 
such as heterogeneous nucleation dewetting (218). Surface roughness on the FTO coated glass 






        
              (1) FTO-coated glass                                                     (2) Bare glass 
                              
Fig. 6.3 Images of PANI/MWCNT thin solid films made by drop-casting of two equal-sized 
droplets impinged on the substrates: (6.3.1A) on FTO-coated glass made with vibration; 
(6.3.1B) boundaries of the film after drying; (6.3.2A) on bare glass made with vibration; 
(6.3.2B) boundaries of the film after drying.        
 
6.3.4 Electrochemical measurements 
  
Cyclic voltammetry was used to evaluate the electrochemical performance of the thin film with 
different loading of PANI/MWCNT in m-cresol solvent. Different amounts (0.005, 0.01, 0.02, 
0.04 g/ml) of PANI/MWCNT composites were drop casted onto the FTO coated glass. Cyclic 
voltammetry measurement was carried out at a scan rate of 50 mV/s with a potential of 0 and 
3 V, respectively. The electrochemical measurement were performed in 0.2 M phosphate buffer 
solution (pH 4.4). Each sample composite undergoes 10 charge-discharge cycles with the FTO 
coated glass as the working electrode (conductive substrate), platinum mesh as counter 
electrode and Ag/AgCl (saturated KCl) as reference electrode. From the result of the CV, a 
pseudo capacitance behaviour for the working electrode was observed because all of the four 
samples reversibly reduced and oxidized (219). 
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                                 (0.005 g/ml)                                                            (0.01 g/ml) 
 
     
                          (0.02 g/ml)                                                                                (0.04 g/ml) 
Fig. 6.4 Cyclic voltammograms of drop casted PANI/MWCNT films: (a) 0.005 g/ml, (b) 0.01 
g/ml, (c) 0.02 g/ml, and (d) 0.04g/ml at scan rate of 50 mV/s 
 
Fig. 6.4 was used to evaluate the current peak stability after the 1st and the 10th charge 
discharge cycles. Results from the graph show that the current peak curve shapes of all samples 

















































































good reversibility.  It was observed that the specific current peak of the CV curves (after 1st 
and the 10th charge discharge cycles) of the 0.005 g/ml, 0.01 g/ml and 0.02g.ml samples was 
stable and proportional to one another while that of 0.04 g/ml shows poor current peak at 1st 
and 10th cycle respectively, at this stage the current peak starts to decline. This could mean that 
higher concentration of the composite material in the processing solvent could reduce the 
performance of the electrode and affect the final result.      
        
                                    
Fig. 6.5 Graphical illustration of current density (I) of PANI samples after the 1st and the 10th 
charge-discharge cycles. 
 
From the CV curve of each of the sample composition, the specific capacitance was calculated 
using equation 
 Csp = 
𝑖
𝑣×𝑚
                                                                                     (6.1) 
Where m is the mass of the active electrode, v is the scan rate and i is the average current peak, 























Table 4. The specific capacitance of each PANI samples  






Fig. 6.6 shows the bar for the calculated capacitance for all the samples. From this result, it 
could be observed that the drop-casted 0.01 g PANI film was electrochemically more stable 
than the other samples, 0.005, 0.02 and 0.04 g films. 
 
                 
   Fig. 6.6 Bar graph of the calculated capacitance in F/g for all the samples. 
 
6.4  Summary 
  
In this work, the feasibility of using drop cast composite thin film with larger areas was studied. 
From the experimental result, the films were agitated by horizontal ultrasonic vibration. Over 
a period of time, the PANI/MWCNT droplets on the vibrating FTO coated glass broaden and 
evenly spread compared with the vibrating bare glass substrate. The vibration helps to reduce 


















Film loading F/g 
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composite film shows that the thin film reversibly reduced and oxidized. Conclusively, the 
drop-casted 0.01g PANI/WMCNT nanocomposite film shows higher current peak and 
considerably higher specific capacitance and capacity retention, which could be further 



















7 DEVELOPMENT OF POLYANILINE-CARBON 
NANOTUBE AMPEROMETRIC BIOSENSOR 





In this chapter, a novel electrochemical biosensor based on polyaniline multiwall-carbon 
nanotube for detection of tetracycline in aqueous medium ware reported. To the best of my 
knowledge, no reports are available on the use of polyaniline/multiwall carbon nanotube 
composite thin film for sensing tetracycline hydrochloride in aqueous medium. This chapter 
will report the fabrication and analytical performance of polyaniline/multiwall carbon nanotube 
composite thin film for sensing application for the first time. Furthermore, a new approach to 
sensing antibiotics based on this nanocomposite was demonstrated. This chapter will explore 
the previous work on chapter 4 & 5. The previous chapter is the generic approach to fabricating 
nanocomposites of polyaniline - multiwall carbon nanotubes with good functionalities and 
characterization. This chapter will concentrate on exploring the synergistic properties of this 
nanocomposite thin film to selective detection of antibiotic (tetracycline hydrochloride) in 
aqueous medium. Higher sensitivity at a low cost without the impurities associated with carbon 
nanotubes production is expected. The simplicity and inexpensive procedure to detect 
antibiotic in this chapter could be explored for other carbon nanotubes or graphene oxide based 
sensors in the future. Furthermore, different composites concentration using (0, 2, 4, 6,8,10 and 
12wt% functionalized multi wall carbon nanotubes) will be explored differently and the one 









7.2.1 Materials and methods 
 
Commercial multi-walled carbon nanotubes (MWCNT) with 95% purity and graphene oxide 
were purchased from Sigma Aldrich, United Kingdom.  Aniline monomer (99% purity) was 
also purchased from Sigma Aldrich, United Kingdom and stored at room temperature before 
use. M-cresol was used as received from Sigma Aldrich, 0.2M phosphate buffer solution (pH 
4.4) from Fisher scientific. Glassy carbon electrode (GCE) (d=3mm). All chemicals were used 
without further purification and all solution were prepared with deionized water. All 
electrochemical measurements were performed on CHI 601D (CH Instruments Austin, TX, 
USA). Electrochemical experiments were carried out with a conventional three-electrode 
system comprising of PANI/MWCNT nanocomposite modified glassy carbon electrode as 
working electrode, platinum mesh as counter electrode and Ag/AgCl (saturated KCl) as a 
reference electrode. All Potential values in these experiments are reported as a function of 
Ag/AgCl (KClsat). Cyclic voltammetry was conducted with a scan rate of 50 mV/s and in the 
potential of -1 and 1 V. Amperometric detection was performed at a fixed potential of -0.6V. 
Steady-state currents were recorded within 60 seconds. Electrochemical measurement, as well 
as cyclic voltammetry and amperometric i-t curve was carried out in a phosphate buffer 
solution containing a certain percentage of tetracycline. Cyclic voltammetry was carried out at 
a scan rate of 50mV per seconds. Amperometric studies was carried out at -0.6V with a steady 
state current of 60 seconds.  
 
7.2.2 Fabrication of the amperometric biosensor 
 
The glassy carbon electrode was polished with 1.0, 0.3, and 0.05 μM alumina powder slurries 
rinsed thoroughly with ethanol and distilled water before modification process. A 1 mg/ml 
sample of previously prepared pure PANI or PANI/MWCNT composite was dispersed using 
ultrasonic stirring for 30 minutes in m-cresol solution. 5 μL of the suspension was then drop 
cast onto the surface of the glass carbon electrode and the solvent was evaporated using infrared 
lamp. When the bare glassy carbon electrode and the pure PANI electrode were used, the 
electrode was polished with alumina slurries before each application. 9.0 × 10−3 mol L−1 
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tetracycline stock solution was prepared by dissolving 0.02 g of the compound in 5.0 mL of 
deionized water. The mixture was sonicated for 5 min to ensure complete dissolution of the 
tetracycline. The modified electrode was dipped into 0.2M phosphate buffer solution (Ph 4.4) 
containing different concentrations of tetracycline hydrochloride that were target analytes to 
be investigated.  Tetracycline hydrochloride concentration was used to evaluate the sensor 
performance by monitoring the Amperometric i-t curve measurement.  
 









7.3 Results and discussion 
 
The synergistic properties of the fabricated nanocomposite thin film to selective detection of 
antibiotic (tetracycline hydrochloride) in aqueous medium was characterized and analysed in 
this section 
 
7.3.1 Influence of pH value 
 
The pH value of the electrolyte is very important when evaluating the performance of the 
fabricated biosensor. The need is to get the best and highest current peak of the biosensor in 
the buffer solution containing tetracycline. The effect of pH to the electrocatalytic oxidation of 
tetracycline was exploited with different pH buffer solutions containing 6.0 × 10−4 mol L−1 
tetracycline using cyclic voltammetry.  Fig. 7.2 shows the correlation between the pH value 
(1.5, 2.5, 3.6, 4.4, 6, 8 and 10) to current response. The current peak value increased with 
increasing pH value of the solution until pH 4.4 but due to instability of tetracycline in basic 
solution, the catalytic current decreased at higher pH because the nanocomposites is simply 
acting as a catalyst, its role is to speed up the rate of reaction at the electrode. 
 
      
Fig. 7.2 pH measurement evaluating the electrocatalytic oxidation of tetracycline with different 



















7.3.2 Electrochemical characterisation of the fabricated PANI-MWCNT/GCE sensor. 
 
Cyclic Voltammetry: - The behaviour of the fabricated electrode was first evaluated using 
cyclic voltammetry in the presence of 6.0 × 10−4 mol L−1 tetracycline. CV is very effective 
method for probing the feature of the fabricated electrode surface so as to investigate the 
electrochemical behaviour of electrode. In Fig. 7.3 below, cyclic voltammetry was used to 
determine if the fabricated biosensor with PANI/MWCNT will respond better than the 
fabricated biosensor with pure PANI. The current peak values were monitored with pure PANI 
electrode and PANI-MWCNNT electrode. Comparison was made using two solutions, a plain 
buffer solution and the solution that contains tetracycline. Cyclic voltammograms for the bare 
glass carbon electrode using buffer solution and solution containing tetracycline showed anodic 
signal at a potential of 0.5 V vs Ag/AgCl(KClsat) and cathodic signal at a potential of -0.8 V 
vs. Ag/AgCl(KClsat) (Fig. 7.3A). Electrochemical detection of tetracycline was observed with 
pure PANI electrode showing anodic signal at low redox potential of 0.1 V vs. Ag/AgCl(KClsat) 
and cathodic signal at a potential of -0.7 V vs. Ag/AgCl(KClsat)  (Fig. 7.3B). PANI showed 
both oxidation and reduction peak which corresponded to the processes, in which PANI 
undergoes two sequential single-electron transfer processes as reported by Chen et al (220). By 
adding MWCNT to PANI, the magnitude of the electrochemical signal increased with 
improved response at a further lower redox potential.  The anodic signal was at potential 0.01 
V and cathodic signal was at potential -0.6 V (Fig. 7.3C). From the result obtained, PANI and 
MWCNT created a synergistic effect that improved the stability and signal of the sensor by 
combining each of their unique individual properties like, large surface as well as high 
electrical conductivity. Considering the most favourite signal to background current peak ratio 
where a pair of well-defined redox peak was observed, a potential value of -0.6 V was selected 







                  




                    
Fig. 7.3 Cyclic Voltammograms results with different electrodes: (A) GCE (B) PANI (C) 
PANI-MWCNT, with 6.0 × 10−4 mol L−1 tetracycline and without tetracycline; (D) Response 
for all modified electrodes (GCE, PURE PANI and PANI/MWCNT). All measurement were 


























































































Amperometric measurement: - Further to the initial test on the fabricated PANI/MWCNT 
electrode, it can be concluded that the electrode was able to detect and measure tetracycline 
present in the buffer solution there by satisfying the criteria required to be referred to as a 
biosensor. The behaviour of the fabricated biosensor was further evaluated using amperometric 
i-t measurement. Comparative studies of each of the fabricated biosensor was carried out in a 
buffer solution containing 6.0 × 10−4 mol L−1 tetracycline. Fig. 7.4 shows the amperometric 
response recorded for all the biosensors based on bare glass carbon electrode, pure PANI 
electrode and PANI-MWCNNT electrode. They were dipped in the phosphate buffer solution 
containing tetracycline so as to evaluate the response of the biosensor. As shown in Fig. 7.4, 
curve (a) was the bare glass carbon electrode biosensor, curve (b) PANI biosensor and curve 
(c) PANI-MWCNT biosensor in the phosphate buffer solution containing 6.0 × 10−4 mol L−1   
tetracycline. From the current-time curve below, curve (c), which is the target electrode showed 
the best response.  When the pure PANI electrode was used, the current value (curve b) 
increased, and the difference in current value between (curve a), and (curve b) was 0.09 μA. 
Significantly when PANI-MWCNNT biosensor was used, the difference in current value 
between the two curves (b & c) was 3.83 μA. This result simply demonstrated that the higher 
sensitivity of the PANI-MWCNT sensor as compared to pure PANI biosensors was due to the 
synergistic electro-catalytic activity between polyaniline and carbon nanotube. This synergetic 
effect was previously demonstrated when cyclic voltamogramm was carried out and the result 
was identical. Since both PANI and MWCNT are acting as a catalyst in this biosensor, PANI 
wrapped around the MWCNT as a result of π-π bonding so as to allow reaction between the 
two materials. The synergy between the two individual components results in a unique catalytic 
properties, with excellent electrochemical response and stability. This observation could 
further be employed so as to demonstrate that polyaniline multiwall carbon nanotube 
nanocomposite is capable of interacting with tetracycline as an effective sensing layer to 




                       
Fig. 7.4 The i-t curve corresponding to (A) Bare glass electrode (B) PANI modified electrode 
(C) PANI/MWCNT electrode in 6.0 × 10−4 mol L−1 tetracycline solution 
 
7.3.3  Amperometric detection of tetracycline in aqueous medium 
 
Carbon nanotubes have exceptional ability to facilitate electron transfer between varying 
phases because of mobile electrons that are present on their surfaces. Because carbon nanotube 
has poor solubility in most of the solvents, it needs to be functionalised so as to improve its 
dispersions when used as a carbon nanotube based sensor. Amperometric i-t measurements can 
be used as an effective method to investigate the sensitivity of the fabricated biosensor towards 
predetermine concentration of tetracycline in the aqueous medium. A stock solution of 9.0×10-
3 mol L-1 tetracycline was prepared by dissolving 0.019g of the compound in 5 ml deionize 
water. This was further sonicated for 3 minutes to give a complete dissolution of tetracycline. 
Solution dilution was prepared from the stock concentrate by systematically increasing the 
concentration of tetracycline in a 5ml of 0.2 M phosphate buffer (pH 4.4) using the standard 
addition method, while the amperometric response of the fabricated bio-electrode was carefully 




















dramatically influenced the performance of the biosensors. This was achieved by setting 5 
different concentrations of the tetracycline solution and evaluating its effect on the phosphate 
buffer solution. The concentration explored are 1, 10, 20, 30, 40 and 50 (µM) respectively. 
Furthermore, six different biosensors with different composites concentration using (2 wt.%, 4 
wt.%, 6 wt.%, 8 wt.% , 10 wt.% and 12 wt.% functionalized MWCNT to weight of aniline 
monomer) was explored differently so as to evaluate the biosensor that will give the best limit 
of detection, high sensitivity and good selectivity. (2 wt. %, 4 wt. %, 6 wt. % biosensor), did 
not show any significant difference when explored differently and the sensor response are 
recorded together.  
 
       
Fig. 7.5 (A) Amperometric i-t curves for PANI-MWCNT (2Wt, 4Wt, 6Wt. %) biosensor with 
different concentrations of tetracycline hydrochloride in 0.2 M phosphate buffer (pH 4.4). The 
Curves represent 1, 10, 20, 30, 40 and 50 (µM) respectively. (B) Linear relationship between 












































Fig. 7.6 (A) Amperometric i-t curves for PANI-MWCNT (8Wt. %) biosensor with different 
concentrations of tetracycline hydrochloride in 0.2 M phosphate buffer (pH 4.4). The Curves 
represent 1, 10, 20, 30, 40 and 50 (µM) respectively. (B) Linear relationship between the 




Fig. 7.7 (A) Amperometric i-t curves for PANI-MWCNT (10Wt. %) biosensor with different 
concentrations of tetracycline hydrochloride in 0.2 M phosphate buffer (pH 4.4). The Curves 
represent 1, 10, 20, 30, 40 and 50 (µM) respectively. (B) Linear relationship between the 















































































Fig. 7.8 (A) Amperometric i-t curves for PANI-MWCNT (12Wt. %) biosensor with different 
concentrations of tetracycline hydrochloride in 0.2 M phosphate buffer (pH 4.4). The Curves 
represent 1, 10, 20, 30, 40 and 50 (µM) respectively. (B) Linear relationship between the 
current changes (ΔA) and tetracycline concentration (from 1 μM to 50 μM.) 
 
 
Fig. 7.9 (A) Amperometric i-t curves for PANI-MWCNT (10Wt. %) biosensor with different 
concentrations of phosphate buffer solution in 0.2 M phosphate buffer (pH 4.4) as a control 
























































Fig. 7.5 shows a typical amperometric response of (2 wt.%, 4 wt.%, 6 wt.% biosensor), Fig. 
7.6 shows the response of  8 wt.% biosensor, Fig. 7.7 shows that of  10 wt.% biosensor and 
Fig. 7.8 shows the response for 12 wt.% biosensor. Significantly, the current value increased 
with increasing concentration of tetracycline in the buffer solution and stable current was 
reached at a lower concentration of tetracycline in 5s for all biosensors. This could be attributed 
to the sensitivity of the biosensor to varying tetracycline concentration. A control experiment 
was carried out using composite sample 10Wt. % sensor but adding equal volumes of buffer 
solution (pH4.4) instead of tetracycline solution. As expected, the sensor does not show any 
response to buffer (Fig. 7.9).  
These steps and results illustrated in the above experiments simply imply that by increasing the 
concentration of tetracycline in the phosphate buffer solution, the biosensor undergoes 
complete and regular functionalization thus increasing tetracycline binding to the sensor 
surface. From the experimental results above, the sensor sensitivity, detection limits and liner 
regression improve with increase amount of carbon nanotube in the composite material (Table 
5). Comparing all fabricated sensor prototype, 10Wt. % biosensor has the best result because 
it has the lowest detection limit, highest sensitivity with a linear correlation coefficient of 0.995.     
Under optimal condition, there was a good linear relationship between the current signal and 
the value of tetracycline concentration (Fig. 7.7B). It also exhibits a linear range from 1-50 µM 
concentration of tetracycline.   
From equation 2.8, LOD = k × stdbackground /S where K is the signal-to-noise ratio and stdbackground 
is the standard deviation of the background signal (blank sample) while S is the slope of the 
analytical curve (sensitivity). The value of k can be chosen deliberately depending on the 
desired accuracy of the LOD but is typically 3. Sensitivity is a measure of the biosensor ability 
to discriminate between small differences in analyte concentration. It is typically the slope of 
the calibration curve which is dependent on the standard deviation of the measurements. The 
higher the slope of the calibration curve the higher the sensitivity of the detector for that 
component.  
From the experimental result extracted above, for the 10Wt. % biosensor linear regression 
equation was I (µA) = -0.0805 tetC (µM) - 2.0096, the sensitivity is 0.08µA.mM-1.cm-2, the 
detection limit is 0.16µM (3×SD/m) where SD is the standard deviation of the blank (n=5) and 
m is the slope of the analytical curve. In order to calculate the standard deviation of the blank 
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sample, the biosensor was used 5 times to measure the phosphate buffer solution without 
tetracycline so as to get a stable reading of the sensor. All corresponding current peak from the 
blank sample amperometric i-t measurement are recorded i.e.2.02, 2.03, 2.03, 2.03, and 2.03. 
Standard deviation of the recorded current peak of the blank sample was used while calculating 
the limit of detection. 
 











2 (PMWCNT) 0.0332 0.40 0.0045 0.9320 
4 (PMWCNT) 0.0332 0.40 0.0045 0.9320 
6 (PMWCNT) 0.0332 0.40 0.0045 0.9320 
8 (PMWCNT) 0.0552 0.24 0.0045 0.9566 
10 (PMWCNT) 0.0805 0.16 0.0045 0.9953 
12 (PMWCNT) 0.0668 0.20 0.0045 0.9670 
 
Comparing the above trend of the sensor performance in Table 5 above to the graphical plot of 
the room-temperature conductivity of the composite vs MWCNT loading in Fig. 5.10, it can 
be concluded that the results for both are in agreement with each other. From the conductivity 
measurement analysis, the conductivity increases with carbon nanotube loading and starts to 
decrease at higher loading of MWCNT (12%). The same trend was discovered when 
amperometric test was conducted because all of the sensors parameters increase with increase 
in MWCNT and start to decrease at higher nanotube loading (12%). The reason for the 
reduction of the sensor performance could be attributed to porosity. At higher loading volume, 
the nanotube is not properly dispersed in the solvent which tends to reduce the porosity of the 
nanocomposite at the sensing membrane of the electrode. For a nanocomposite fabricated from 
conducting polymer and carbon nanomaterials to function as an effective sensing membrane in 
an electrode, it has to be stable under the experimental condition, conductive to avoid ohmic 
drop in the film and most importantly porous to allow the involved species (charge complex) 
to reach the catalytic sites. Both tests conducted for conductivity analysis and amperometric 
detection established that higher carbon nanotube loading reduces the porosity of the composite 
thereby reducing the performance of the biosensor. 
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7.3.4 Synergistic reaction of PANI/MWCNT composite in tetracycline detection 
 
The synergistic reaction of the PANI- MWCNNT nanocomposite was fully demonstrated when 
the amperometric response of the biosensor based on PANI/MWCNNT composite was 
compared to the biosensor fabricated with pure PANI sample. Fig. 7.10 shows the current 
change increments when tetracycline of different concentrations was added. From the pure 
sample PANI sensor fabricated, the sensor sensitivity, detection limits and correlation 
coefficient were far lower compared to all the PANI/F-MWCNNT nanocomposite (2%, 4%, 
6%, 8% and 10%wt) samples. The current change increments of the sensor were not noticeable 
as compared to other samples fabricated with f-MWCNNT nanocomposite. In terms of the 
most important parameters needed to identify a good biosensor (sensitivity and detection limit), 
the sample with pure PANI behaves poorly. The sensitivity was 0.0196 and limit of detection 
was 0.68 with a correlation coefficient of 0.8331. From the sensor prepared with 
PANI/MWCNT, the current peak of the sensor increases significantly with each addition of 
tetracycline concentration and it displayed excellent linear relationship from 1µM to 50µM. 
The sensitivity was higher than pure PANI sample (0.0805) and the limit of detection at (0.16) 
was also better than pure PANI sample. 
 
      
Fig. 7.10 (A) Amperometric i-t curves for Pure PANI biosensor with different concentrations 
of tetracycline hydrochloride in 0.2 M phosphate buffer (pH 4.4). The Curves represent 1, 10, 
20, 30, 40 and 50 (µM) respectively. (B) Linear relationship between the current changes (ΔA) 









































Taking into consideration the above experimental results, it can be concluded that carbon 
nanotubes plays an active dual role in improving the performance of the sensor. First of all, the 
hydrophobic properties of carbon nanotube that makes it seemingly repelled mass of water. 
This means that the interface between the MWCNT and PANI polymer membrane has no water 
layer which facilitated a stable and fast response (221). It could be assumed that the sensing 
membrane electrode repelled mass of water and significantly removed undesirable water layer 
due to carbon nanotube network formation. As for the pure PANI sample, there is a possibility 
of water layer formation at the interface of the electrode and the sensing membrane of the 
electrode which could have resulted in polymer membrane degradation thereby causing poor 
performance.  
                     
 
 
                                                                                                                                         




Fig. 7.11 Schematic illustration of tetracycline- binding and sensing membrane electrode 
process of the PANI/MWCNT nanocomposite modified electrode. 
 
Furthermore, carbon nanotubes act as ion-to-electron transducers (221). The transduction 
medium of MWCNT based amperometric biosensor is considered to be based on the formation 
of the MWCNT conductivity as reported in Fig. 5.10. It should be noted that the trend of 
sensitivity and detection limit increased gradually as the percentage of carbon nanotube 






















wt.% biosensor in Fig. 7.8 reduced which is in agreement with conductivity measurement as 
reported in Fig. 5.10. A further explanation could be that when PANI/MWCNT composite was 
explored as an amperometric biosensor, tetracycline binds with PANI resulting in a charged 
complex. This charge complex (involved species) present in the sensing membrane is near 
MWCNT which causes change in the phase boundary potential at the aqueous/organic interface 
that governs the membrane response as seen in Fig. 7.11. This change is capable of modulating 
MWCNT charge so that carbon nanotube can act as an ion-to-electron transducer. This 
illustration coupled with systematic increments of carbon nanotube concentration in the 
composite explains the low detection limit and high sensitivity of PANI/MWCNT 
nanocomposite biosensor fabricated in this work.        
 
7.3.5 Fabrication of PANI-GRAPHENE nanocomposite biosensor 
 
The basic building block for graphitic materials is graphene with different dimensions like 0-
D fullerene, 1-D carbon nanotube and 3-D graphite (87). Fundamental insight for all carbon 
materials could be gathered by comprehensive studying of graphene. Unlike carbon nanotubes, 
graphene has higher surface area, ease of processing and safety. Furthermore, graphene has 
demonstrated superior electron transfer ability in terms of electro-catalytic activity and 
macroscopic conductivity(222). Wang et al (223) stated that graphene and graphene based 
materials (graphene oxide and reduced graphene oxide) have attracted researchers working on 
energy storage devices, sensors and other nanotechnology field. By exfoliating, graphene oxide 
could be produced from graphite oxide, with good oxygen functionalities on its basal plane and 
edges (224). GO is derived from graphene having individual layered sheets with numerous C–
O–C (epoxide), C–OH, and COOH functional groups located in the basal planes and at the 
edges (225)(226). It is hydrophilic and can form stable aqueous dispersions due to these oxygen 
functionalities (227). Graphene oxide was able to draw considerable attention due to its 
exceptional physical, chemical and electrical properties. Nanomaterials with graphene oxide 
exhibit high electronic transport properties and good specific capacitance. These characteristics 
made graphene oxide attractive material for electrochemical sensor and biosensor applications. 
It is competing with carbon nanotubes in many aspects and the most common graphene-based 
material produced in large scale and at a lower cost is graphene oxide. Graphene oxide is 
different from graphene because of its oxygenated, hydrophilic functional groups properties 
which makes it possible to be easily dispersed in aqueous solution (228)(229). It has also been 
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successfully explored in electrochemical and chemical methods application to obtain 
supercapacitor materials (223). Although graphene oxide is insulating in nature and thus limits 
its application in electrochemical sensor, but modified graphene oxide in a polymeric matrix 
and a good dispersion will result to a composite with good electrical properties. Moreover, 
good electronic transport properties of graphene oxide in combination with the excellent 
electroactive and conducting properties of polyaniline affirm this composite material for 
fascinating electrocatalytic applications. By developing polyaniline and graphene oxide 
nanocomposites, each of the individual unique properties could be exploited to give a better 
performance compared to their original properties. To the best of my knowledge, this is the 
first time to fabricate polyaniline-graphene oxide nanocomposite modified glassy carbon 
electrode using amperometric i-t measurement technique to detect tetracycline in aqueous 
medium. The result will be compared with the initial result from MWCNT so as to establish 
the best processing material. The previous approach that was used for MWCNT was repeated 
to fabricate PANI-GO nanocomposite for tetracycline detection. 
 
7.3.5.1 Synthesis of PANI-GO composite 
 
In a solutions containing aniline (2.0g, 0.021 mol) and dichloromethane CH2Cl2 (10 mL), 0.2g 
of GO (dispersed in 100.0 mL water under sonication for 2 h to obtain a uniform brown solution 
which was 10wt % of GO, to weight of aniline monomer) was added. Ammonium 
peroxydisulfate (6.15g, 0.027 mol) was dissolved in 125 mL of 1.0 M HCl aqueous solution 
and sonicated for 10 minutes. When sonication was complete, the ammonium 
peroxydisulfate/1.0 M HCl solution was added slowly to the aniline/GO/ CH2Cl2 solution from 
the side of the beaker. The resulting mixture was left overnight at room temperature for 
interfacial polymerization to take place. The resulting greenish-black precipitates was vacuum 
filtered, washed with distilled water and further washed with methanol.  
 
7.3.5.2 Mechanism of composite formation for PANI-GO nanocomposite 
 
Polyaniline and graphene oxide have a good interaction even though the nature of their bonding 
is not conclusive. Wang et al (2010) have highlighted a possible chemical bond and 
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electrostatics interaction between graphene oxide and polyaniline. Even though Wang’s 
synthesis method was chemical based using x-ray diffraction analysis (XRD) technique, this 
work highlights interfacial polymerization technique and further shows the existence of 
chemical bonds between polyaniline and graphene oxide proving that composite formation 
truly existed with this unique technique. Wang et al. analysis was that polyaniline/graphene 
oxide interacted in three major ways (a) electrostatic interactions (b) π-π stacking and (c) 
hydrogen bonding. They further illustrated that, good interaction of both materials could be 
achieved if deeper understanding of interaction between PANI and GO was exploited. They 
concluded that the interaction between oxygenated groups of graphene oxide and polymer 
charge carriers (polar group) of polyaniline produce possible formation of coordinated 
complexes (230). Taking into consideration the new approach used in this thesis, it could be 
concluded that strong interaction of composite formation existed between polyaniline and 
graphene oxide irrespective of the method of synthesis.  
                  
 
 




7.3.5.3 Fabrication of PANI–GO modified GCE sensor electrode and amperometric detection of 
tetracycline in aqueous medium 
 
A 1mg sample of previously prepared PANI/GO composite was dispersed in m-cresol solution 
using ultrasonic stirring for 30 minutes. 10 μL of the suspension was then drop cast onto the 
surface of the glass carbon electrode and the solvent was evaporated using infrared lamp. 
Amperometric i-t measurements was performed with PANI/GO biosensor in a stock solution 
of 9.0×103 mol L-1 tetracycline. 5 different concentrations of the tetracycline solution were 
evaluated and the effect of concentration on the phosphate buffer solution was explored. The 
concentrations explored are 1, 10, 20, 30, 40, and 50 µM respectively. Just like 
PANI/MWCNT, stable current was reached at a lower concentration of tetracycline in 5 
seconds and the current value increased with increasing concentration of tetracycline in the 
buffer solution (Fig. 7.13).  
 
   
Fig. 7.13 (A) Amperometric i-t curves for PANI-GO (10Wt. %) biosensor with different 
concentrations of tetracycline hydrochloride in 0.2 M phosphate buffer (pH 4.4). The Curves 
represent 1, 10, 20, 30, 40 and 50 (µM) respectively. (B) Linear relationship between the 








































The results obtained for PANI/GO biosensor is similar to what was recorded for 
PANI/MWCNT biosensor. The linear regression equation was I (µA) = -0.0604 tetC (µM) - 
3.7791. The sensitivity was 0.06µA.mM-1.cm-2, the detection limit was 0.22µM (3×SD/m) 
where SD is the standard deviation of the blank (n=5) and m is the slope of the analytical curve. 
The linear correlation coefficient was 0.9492. This result indicates a good interaction between 
PANI and graphene oxide and the results further show that properties of each of PANI and GO 
combined successfully to give a better performance in the fabricated biosensor. 
However, as compared to PANI/MWCNT biosensor, graphene oxide biosensor has less 
sensitivity and the limit of detection is not as good as that of PANI/MWCNT. This simply 
means that further optimization of the experimental conditions for PANI/GO is required to 
improve the sensitivity and limit of detection. Although it is not certain that PANI/GO will 
perform better than PAN/MWCNT but this uncertainty stems from factors that include poor 
load transfer, interfacial engineering, dispersion, and viscosity-related issues that lead to 
processing challenges in both nanocomposites. Moreover, there has been little effort to identify 
selection rules for the use of nanotubes or graphene in composite matrices for specific 
applications which could further be explored to determine which would perform better. 
 
7.3.6 Evaluating the performance of the biosensor 
 
To further evaluate the performance of the fabricated PANI-MWCNT biosensor, the sensitivity 
and linear range of the sensor was compared with other tetracycline biosensor reported in the 
literature (Table 6).  
 
Table 6. Fabricated PANI-MWCNT biosensor evaluation. 







1-500 0.96 (231) 
Tetracycline Amperometric 
detection 





2.5 – 100 0.12 (233) 
Tetracycline FI-ED 2.5 – 80 0.03 (234) 
Tetracycline Amperometric 
detection 
1 – 50 0.16 This Work 
 
It could be seen that the fabricated biosensor shows a similar detection limit with 
supplementary leverage compared to others. The preparation is simple, easy, environmentally 
friendly and very economical. 
 
7.3.7 Specificity of the fabricated PANI-MWCNT biosensor 
 
Specificity is a very important parameter that plays important role in the process of analysing 
complex compounds. In order to evaluate the specificity of the fabricated biosensor towards 
tetracycline target analyte, the sensor was used to determine the concentration of other 
antibiotic compound using the same buffer solution.  
 
          
 
Fig. 7.14 Specificity of the biosensor to 9.0×10-5 mol L-1   concentration of Tetracycline, 
Doxycycline, Minocycline and Ranitidine. Chat bar shows current peak intensity from each of 














Electrochemical signals were obtained for each of the sample with a concentration of 9.0×10-
5 mol L-1. Significant peak current was observed with sample concentration of tetracycline 
when amperometric test was conducted. The peak current of the three other sample 
concentrations shows little emission compared to the target sample. This result indicates high 
specificity of the fabricated biosensor. 
 
7.3.8 Stability and reproducibility of the fabricated PANI-MWCNT biosensor 
 
In order to study the storage stability of the biosensor, the biosensor was left at room 
temperature for 20 days and amperometric i-t measurements were carried out as a function of 
tetracycline concentrations. The same tetracycline concentrations previously used for the 
experiment was repeated and the slope of the linear region changes by ~5%. The fabricated 
biosensor also shows a very good repeatability (10 repeated measurements) with an average 
standard deviation of 2% and reproducibility (10 individual measurements, 10 modified 
electrodes) with an average standard deviation of 4.96%.             
 
                 
 
Fig. 7.15 Plot showing the sensitivity of the fabricated PANI/MWCNT biosensor after 20 days 





















From the above, it is obvious that the current response of the biosensor will gradually reduce 
after storage and usage due to leakage of modified materials on the electrode. But the biosensor 
retained 95% of its initial current response even after 20 days of storage period indicating an 
exceptionally good storage stability. This could be attributed to unique compatibility of 
polyaniline and multiwall carbon nanotube. Conclusively, the experimental results show that 
PANI/MWCNT nanocomposites-based tetracycline detection is suitable to detect tetracycline 
in aqueous medium at sub-micromolar range. Nevertheless, a sub-nanomolar range of detecting 
tetracycline in aqueous media is required. This will aid early detection of tetracycline in order 
to protect water resources and food supplies in farmlands.  
 
7.3.9 Application of the PANI/MWCNT biosensor in fish farm water. 
 
The performance of the PANI/MWCNT biosensor was evaluated using fish farm water spiked 
with tetracycline. Fish farm water was chosen because it contains contaminants in its 
composition that can influence the analytical procedure.  Matrix spiking is a general acceptable 
technique used to evaluate the performance of an analytical procedure and in this case, the 
fabricated PANI/MWCNT biosensor. It generally helps to determine if all the results achieved 
are accurate and valid. In this technique, a known amount of analyte of interest (tetracycline) 
is added to a sample matrix solution, the solution is further subjected to a test to determine if 
the amount of spike added (tetracycline) is recovered to substantiate that the sample matrix did 
not interfere with the test result.   
During this procedure, two separate solution are usually prepared. In the tetracycline spiked 
solution, a known amount of tetracycline is added to increase the concentration of the solution 
by the known amount of tetracycline added, the second solution is left without spiking. When 
both sample solution are subjected to a test, it is expected that the tetracycline spiked solution 
result should be higher than the un-spiked solution result by the amount of tetracycline added 
to the spiked solution. Furthermore, the spike added should not significantly increase the 
volume of the solution by more than 5%.  
In this work, the developed PANI/MWCNT biosensor was used to determine the recoveries of 
four different concentrations of tetracycline in a solution matrix of fish farm water diluted with 
0.2M phosphate buffer solution (pH 4.4). 10ml of the fish farm water (unknown) was mixed 
with 10ml of the phosphate buffer solution for analysis so as to determine the THC 
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concentration using standard addition method. After analysis, tetracycline was added as a spike 
to the matrix sample solution to a final concentration of 1µM, 5µM, 10µM and 20µM. All 
measurements were performed three times and the detection value (found value) was the 





 × 100  
Where σ is the standard deviation of the three measured result and µ is the average of the three 
measured result.                                                               
In order to calculate the percentage recovery, the amount of analyte (tetracycline) in the original 
sample was subtracted from the total amount found in the spiked sample solution with the hope 
of getting the amount added to the spike. The result found from this subtraction is divided by 
the amount added and further express as a percentage.  
 
Recovery (%) = 
Amount measured in spike sample − Amount in the original sample
Amount added as a spike divided by the volume it was added to
× 100 
 
Table 7. Recovery of TET from fish farm water solution matrix (n=3) 
Sample Added value of 
TET (µM) 





1 1 0.96  2.13 96.7 
2 5 4.98  3.57 101.2 
3 10 9.41 2.16 91.1 
4 20 17.82 4.01 98.5 
 
From the results illustrated in table 7, the recovery was in the range of 91% to 101% which 
validates matrix effect absence and the RSD value of ≤5% (n-3) were in acceptable range and 








In summary, a facile method for the fabrication of amperometric biosensor is demonstrated. 
With polyaniline conjugated polymer as a dispersant, multiwall carbon nanotubes were 
successfully dispersed and produced excellent sensing membrane. The synergistic properties 
of PANI/MWCNT nanocomposite such as excellent ion-electron transducing capability, 
hydrophobic property and active tetracycline binding sites in polyaniline demonstrated 
excellent sensing properties like high sensitivity of 0.0805 µA mm-1 cm-2 and detection limit of 
0.16µM, excellent electrochemical redox activity, fast response time, good biocompatibility 
and stability up to 20 days. This method is very promising for tetracycline. It has shown that 
PANI/MWCNT nanocomposites based biosensor is suitable to detect tetracycline in practical 
application i.e. detecting tetracycline in water/food samples of bacterial infected animals 
undergoing tetracycline antibiotic chemotherapy at sub-micromolar range. Nevertheless, a sub-
nanomolar range of detecting tetracycline in aqueous media is required. Despite the limitation 
of this research to detect antibiotic at sub-nanomolar range, this method is inexpensive, 
decreases the number of preparation steps and significantly shortens production time compared 
to other methods available in literature. Significantly, this is the first report on the use of 
PANI/MWCNT to detect tetracycline antibiotic using amperometric technique. This novel 
amperometric biosensor shows good electrochemical redox activity, conductive ability, 
specificity, high stability, reproducibility and it’s expected to aid early detection of tetracycline 

















Data reported around the world show that small amount of antibiotics have found their way 
into a range of waterbodies, and scientists around the world are gathering evidence to better 
understand the potential risk. Large-scale use of antibiotic especially in veterinary medicine 
leads to its build-up in food products such as honey, milk and meat which impacts lifespan and 
health of animals. Also recent spread of antimicrobial resistance (AMR), which kills about 
25000 people in Europe every year gives reasons for an urgent need to develop cheap rapid 
response, low detection limit biosensor so as to determine minimum concentration of 
antibiotics present in water and aquaculture sector. Construction of electrochemical biosensor 
by modifying GCE with conducting polymer and MWCNTs is the future technology to 
overcome these problems.  
The main aim of this thesis was to develop novel approach and new composite material to 
fabricate rapid response biosensor with low detection limit and good analytic performance. In 
order to achieve this, two types of material, conducting polymer and carbon nanotube, were 
explored as composite and their efficacy was demonstrated. The conclusions of this work are 
summarised as below: 
(a) Using interfacial polymerization technique to synthesise polyaniline makes it possible 
to control nanofibre diameter and various other properties such as pore size and 
interconnectivity.  The synthesised polyaniline nanofibre was uniform in terms of its 
morphology and size distribution. Using this facile synthesis technique, significant 
enhancement of polyaniline porosity was achieved and this is the underlying principle 
which enables polyaniline to be used as an electrochemical sensing layer. Moreover, 
the material can also be readily dispersed in water, which facilitates environmentally 
friendly processing and biological applications. In comparison, antibiotic detection 
using conventional polyaniline sensor are not reliable due to poor detecting limits. This 
problem, with respect to the fouling of the electrode surface after exposure to the 
products of the electrochemical reaction, drives the need to develop polyaniline based 
electrochemical sensor with improved sensitivity, selectivity, limit of detection and 
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reproducibility. Further, since PANI is a conjugated polymer, it is not readily 
dispersible in most solvents which further limits its application when fabricating PANI-
based sensor devices. 
(b) Two approaches were adopted to resolve the problem associated with poor dispersion 
of PANI (Chapter 5), which include the use of HCl dopant to simultaneously dope and 
solubilise polyaniline in NMP. In addition, carbon nanotubes were added so as to 
enhance the conductivity and sensing performance of the formulation. Following the 
same interfacial polymerization technique, a novel nanocomposite material of 
PANI/MWCNT was synthesised and modified with GCE to investigate its potential use 
as a biosensor. It was found that the introduction of well dispersed MWCNTs in the 
polyaniline matrix using interfacial polymerisation technique not only increase the 
specific surface area of the composite but also led to high redox electrochemical activity 
and good environmental stability. The composite sample shows significant higher 
conductivity compared to the pure polyaniline sample and the conductivity increases 
with an increase of the MWCNTs loading. This effect reflected the output performance 
of the composite sample compared to pure PANI sample when both were characterised 
under identical conditions.  
(c) Furthermore, the composite was explored as a thin film for the sensor purpose and the 
possibility of using physical adsorption (drop cast technique) to deposit the composite 
thin film on the GCE was studied. It is essential to investigate if the drop cast technique 
adopted in this work is sufficiently reliable to give accurate final result. Using FTO 
coated glass, it was found that the electrochemical properties of the film could be 
reversibly reduced and oxidized with high current peak. Considerable higher specific 
capacitance and capacity retention were also observed. Overall, the experimental result 
validly shows a simple, cost effective and environmentally friendly technique of 
exploring high surface area PANI/MWCNT composite as a thin film and its potential 
application in biosensor field.  
(d) Finally, all of the work done in this work demonstrates that it is possible to fabricate 
electrochemical biosensor by modifying GCE with MWCNT/PANI composite so as to 
sensitively and selectively determine tetracycline. This was possible due to the 
synergistic catalytic activity between the nanocomposite and tetracycline which allows 
amperometric detection of the compound at the modified electrode. Simple preparation 
method, low cost and good analytical performance developed in this work substantiate 
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the fact that this technique of fabricating PANI/MCNT biosensor is promising for 
detecting tetracycline hydrochloride in water and/or bio-fluid.  
 
8.2  Innovative contributions to the field 
 
This research contributes towards the development of stable and highly sensitive biosensor for 
sensing antibiotics in the presence of water and electrolytes by demonstrating its unique 
potential of using PANI/F-MWCNT nanocomposite through a fast and easy to use technique. 
The innovative contribution of this work are summarised as below: 
 Detailed study has been conducted on the interfacial polymerization method when 
synthesizing conducting polymer. This method makes it possible to improve the 
porosity of the polymer thereby making it sufficiently porous to allow the electroactive 
species to reach the catalytic sites. 
 Novel nanocomposite material (PANI/MWCNTs) was developed and has been 
demonstrated as a high performance electroactive composite material with significant 
electrochemical activity.  
 Nanocomposite thin film is sufficiently stable under the experimental condition and it 
is relatively conductive thereby avoiding ohmic drop in the film and allowing electron 
charge transfer processes to be occurred at the electrode surface. 
 The fabricated GCE modified with PANI/F-MWCNTs nanocomposite has been 
successfully used to detected tetracycline hydrochloride in bio-fluid in this work due to 
the synergistic effect of PANI/F-MWCNTs nanocomposite (excellent ion-electron 
transducing capability), hydrophobic property of F-MWCNT and active redox activity 
of PANI. The biosensor prototype developed in this work has exhibited excellent 
properties with high sensitivity, fast response time and stability. 
 A unique analytical method (amperometry) was proposed and successfully employed. 
This method is inexpensive, shows good electrochemical redox activity, high 
sensitivity, low detection limit, high specificity, good stability and reproducibility. 
Moreover, it decreases the number of preparation steps and hence significantly shortens 
the production time compared with other methods available in literature. It is noted that 
this is the first report on the use of PANI/MWCNTs to detect tetracycline antibiotic 
using amperometric technique. The method is expected to be able to aid  early detection 
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of low concentration of tetracycline in order to protect water resources and food 
supplies in farmlands. 
 
 
8.3  Future works 
  
Further experimental work is suggested to focus on the feasibility or possibility of preparing 
free standing thin films or fabricating solution-processed thin films by various other techniques. 
Since liquid phase technique for depositing colloidal suspension is less expensive and very 
controllable, research should focus on how to improve these techniques by putting into 
consideration of the quantity deposited and the time needed to dry up on the electrode. 
Although electrochemical method proves to be more promising between available preparative 
methods if superior redox properties is to be achieved from the composite materials, various 
other methods remain to be explored. Further work should also concentrate on characterization 
of drop-cast polyaniline thin solid films.  
Although all conductive polymers can conduct electricity, which may be used to fabricate 
nanocomposite with carbon nanomaterials, but for practical applications, the selection of 
conductive polymers does not depend on its conductivity alone but also other important factors 
such as cost, difficulties of mass production, environmental influence, etc. These specific 
factors may be more important than the output performance of the device under specific 
circumstances.  
Also, more work could be done on evaluating oxidizing agents used in mechanical route to 
determine the most environmentally friendly method for synthesis of conducting polymer 
instead of conventional chemical route for synthesis. This will help to evaluate the 
environmental impact of different purification procedures. 
Although the amperometric biosensor is suitable to detect tetracycline in aqueous medium at 
sub-micromolar range, a sub-nanomolar range of detection of tetracycline in aqueous media 
will be required in the future. Finally, the detection of antibiotics in nonaqueous media also 
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